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Synopsis

This thesis reports on the investigation of a cyclic chemical vapour deposition (CVD) method elimi-
nating unwanted surface reactions and enhancing shape selective properties by depositing inert silica

onto the external surface of zeolite ZSM-5.

A CVD treatment consists out of a deposition, flushing and heating step followed by calcination in

flowing air.

Modifications are carried out in up to 33 cycles on one and the same sample employing tetraethoxysi-

lane (TEOS) as silica precursor at deposition temperatures ranging from 50 to 400°C.

After each CVD treatment the catalyst is tested with appropriate test reactions in order to quantify

the extent of modification.

The gradual inertisation of the external surface is followed with the catalytic cracking of 1,3,5-
triisopropylbenzene (1,3,5-TiPB) which is too bulky to enter the micro-pore structure of ZSM-5.
The disproportionation of toluene (TDP) is employed to monitor changes of the internal activity and

alterations in the shape selective properties of the catalyst.

The analysis of reactor effluent during the deposition, flushing and heating step of the modification
cycle allows investigating the reaction pathway. The deposition reaction proceeds with the reaction
of the alkoxy groups of TEOS with the terminal hydroxyls of the zeolite under the formation of

ethanol.

The saturation of the dissociative adsorption of TEOS on the surface leads to the formation of alkoxy
species which are unreactive to the modifier agent. Thus, the defined deposition of the equivalent of

one TEOS monolayer per modification treatment is possible.

Brensted acidity of the fresh catalyst and deposition temperatures higher than 200°C lead to in-
creased in-situ water formation from ethanol dehydration. Water propagates the decomposition of
alkoxy to silanol species and additional ethanol. This autocatalytic step facilitates the enhanced and
uncontrolled deposition of silica on the external surface. As result, pore openings are rapidly blocked

and the catalyst is severely deactivated.

Reduction of the external surface activity requires at least two to three deposition treatments, de-



pending on the modification temperature. The lower the deposition temperature is chosen, the more

cycles have to be applied which is due to inhibited in-situ water generation.

Shape selective improvements towards higher para-xylene (p-xylene) contents in the product of up to
90 % p-xylene selectivity during TDP are observed at all investigated deposition temperature. The

most rapid changes occur at the highest deposition temperatures.

The improvements in shape selectivity are accompanied by significant losses in overall activity of
the catalyst. While it is desired to decrease and eliminate the contribution of the external surface,
additional reduction in activity is observed. This is attributed to the deactivation of catalyst particles
due to the uncontrolled and non-uniform deposition of silica. The higher the deposition temperature,

the more severe the deactivation progresses, as silica deposition increases.

Because of the accelerated catalyst deactivation at high temperatures, desirably high p-xylene yields,
2.5 times that of the unmodified catalyst, can only be obtained at deposition temperatures below

150°C and after many time consuming CVD cycles.

From TEOS breakthrough curves, the deposited amount per cycle is determined allowing the es-
tablishment of a correlation between deposited mass and observed inertisation, deactivation and

diffusional effects.

It is shown that the deactivation of the external activity for the 1,3,5-TiPB-cracking, external TDP
and xylene isomerisation decreases exponentially with the deposited amount of silica while the extent
of pore blocking increases exponentially. The restricted access to the micro-pores results in the

decreasing effective diffusivity and hence, effectiveness factor of the catalytic system.

The changes of effectiveness factor are responsible for the separation of the xylene isomers, due to
the different intrinsic diffusion properties, as the severity of pore blockage increases. Reduction of
the secondary isomerisation reaction of xylenes on the external surface contributes only marginally
to alterations of shape selectivity. The intrinsic composition of xylenes is close to the thermodynamic

equilibrium, as they diffuse out of the crystal.

Changes in shape selective properties and both, external and internal deactivation behaviour are
simulated with a kinetic reaction model, assuming irreversible first order reaction rates for dispro-
portionation and isomerisation of toluene and the xvlene isomers as well as a paring mechanism

(dealkylation) for higher alkylated aromatics.
‘T'he model shows reasonable reproduction of the experimental data thus supporting the assumptions.

Furthermore, the experimental data can be fitted with remarkable precision which allows the predic-

tion of both, kinetic and diffusional parameters.
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Chapter 1

Introduction

Zeolites show great versatility for catalytic reaction and have found widespread use in the chemi-
cal industry. Particularly, the occurrence of Brgnsted acidity paired with geometric properties have
made acid zeolites successful catalysts for a wide range of reactions. The unique structural dimen-
sions of zeolite ZSM-5 facilitate simple aromatic compounds to undergo cracking, disproportionation,
transalkylation and isomerisation reactions. The preferential formation of spatially unconstrained
products has been termed shape-selectivity and is attributed to two mechanisms: (i) selective diffu-
sion of the participating molecules and (ii) steric constraints in the transition-state of the catalytic
transformation. In contrast to the shape-selective influence of the channel geometry inside the zeolite,
non-shape-selective reactions occur on the spatially unconstrained activity centers on the external

surface.

The chemical vapour deposition is one of many modification methods which have been reported
in literature to successfully deactivate the external surface activity and improve the shape selective
performance of zeolites. Using suitable alkoxysilanes as precursors, it is possible to selectively deposit
silica on only the external surface while retaining the intrinsic pore-structure of the zeolite. The effect
of the deposited silica has been investigated using a large variety of catalytic test reactions which
preferably have simple reaction pathways. Deactivation of the external surface as well as improved
shape-selectivity has been observed. While deactivation of the external surface is easily understood,
the cause for the alterations of the shape selectivity remain under debate. Explanations include the
elimination of the non-shape-selective contribution of the external surface to selective screening of
product molecules which struggle to diffuse through narrowed pore openings. However, too much

silica leads to the deactivation of the catalyst due to severe pore mouth blockage.

Roger et al. (1998a) succeeded in monitoring the gradual improvement of shape-selectivity during
the disproportionation of toluene when ZSM-5 was modified in successive cycles. Tetraethoxysilane
(TEOS) was used as silica source and applied at low modification temperature, viz. 100°C, in up to

16 cycles. Unfortunately, the mass of silica which was deposited onto the external surface was not
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determined.

Obviously, the time consuming modification using a cyclic low temperature method is not a desirable
process for larger scale application. Since the deposition of TEOS onto the zeolite is a chemical
reaction, variation of the modification temperature would appear to be the key parameter in an

attempt to understand and control the deposition process.

1.1 Zeolites

Zeolites are crystalline aluminosilcates, consisting of an infinitely extended three-dimensional network
of 5104 and AlOj -tetrahedra. By sharing the oxygen atoms, the primary building units join together
into rings which are the secondary building units and determine the internal dimensions of the
crystal structure. A well defined channel structure with uniformly sized pore openings is formed.
Classification of zeolites proceeds via the number of tetrahedra (T atoms) in the secondary building

unit and the dimensionality of the channels (Meier et al., 1996).

1.1.1  Activity and acidity of zeolites

Because of the negative charge that is introduced with each AlO, -tetrahedra, the crystal structure
has to be counter charged with charge balancing cations. In the case where the compensation occurs
with protons, the zeolite exhibits hydroxyl groups which act as Bregnsted acid sites. It has to be
differentiated between bridging hydroxyls inside the channels and terminal hydroxyls which complete
the surface of the three-dimensional structure. The nature, strength and location of the Brgnsted
acid sites and hydroxyl-acidity is still a matter of debate (Trombetta et al., 2000).

Furthermore, electronically unsaturated species occurring from extra-framework cations, displaced
aluminium, defect sites and dehydroxylation at elevated temperature, introduce Lewis acidity into
the zeolite (Dyer, 1988; Martens et al., 1997). The contribution of Lewis acidity to the catalytic

activity of zeolites remains an unclarified issue (Guisnet et al., 2000).

1.1.2 ZSM-5

Synthesis of ZSM-5 was first reported by Mobil researchers (Argauer and Landolt, 1972). The linking
of five membered secondary building units leads to the formation of chains of elliptical shape and
& three-dimensional channel structure is constructed (Figure 1.1). The structure consists out of
sinusoidal and straight channels which exhibit pore openings of 5.3x5.6A and 5.2x5.7A, respectively
(Meier et al., 1996).
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Figure 1.1: The channel network of ZSM-5 (Kokotailo et al., 1978).

1.1.3 Shape selectivity

The reason for shape selectivity lies in the major fraction of active sites being located inside the
zeolite channel. Three types of shape selectivity have been distinguished by Csicsery (1979): (a)
reactant, (b) product and (c) restricted transition state shape selectivity (Figure 1.2). Reactant
selectivity allows only those molecules to react inside the zeolite, which are small enough to diffuse
into the structure. In contrast to that, product selectivity occurs, when some of the products are
too bulky to diffuse out. In the third type, steric constraints exerted by the zeolite, prevent the
transformation of molecules via bulky transition states of a reaction. Reactant and products diffuse

and less spatially demanding transition states proceed unhindered.

The two underlying working principles are based either in the steric constraints and/or in the differ-

ences in diffusivity of the participating molecules.

In the case of mass transport limitations on the products, the classical diffusion reaction inhibition
relationship applies (Chen et al., 1994). Mass transport limitations are described by the Thiele
modulus, ® = R\/W, with the crystal size R, diffusivity D and intrinsic rate constant k (Thiele,
1939). Introducing the intrinsic selectivity S = ka/kp, the observed selectivity for two parallel
reactions becomes:

kana N4
= G- 11
kpnp nB (L)

Sobs =

The selectivity thus can be directed by choosing the appropriate catalyst parameters, viz. particle

size and catalytic activity. Under severe diffusion limitations the effectiveness factor n = 1/® and

thus:
kad oy EaDa
o ol 14
Sobs kgdg VkgDg (12)

The degree of selectivity in this case is determined by the ratio of the individual diffusivities inside

a specific zeolite.
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1.1.4 The contribution of external active sites on the catalytic behaviour

The catalytic effect of the external surface does not contribute significantly, when the rate of reactions
which are catalysed by the external active sites are small in comparison to the reactions which occur
inside the zeolite. Also, adsorption and diffusion effects as well as the fraction of external surface of

the total area play significant roles.

Effect on activity

Farcasiu and Degnan (1988) presented a general kinetic expression to describe both contributions of

internal and external to the overall activity:
k‘obs = (1 - f)??&mt + f'ks (13)

where f is the fraction of active sites on the external surface and k;,; and k, are the intrinsic rate
constants for the internal and external reaction, respectively. The accessability of the internal sites
is considered by the effectiveness factor, 1. It becomes obvious, that a large fraction of external
area and severe diffusional constraints both favor the contribution of the external activity. So would
a large difference in the intrinsic rate constants; however, it is unlikely that this is the case over

unmodified catalyst.

Effect on shape selectivity

Chandawar et al. (1982) proposed for the alkylation of benzene with ethanol to predominately form
the spatially least constrained product inside the zeolite. In the alkylation of toluene with ethanol
over ZSM-5, para-ethyltoluene is the main product which isomerises in a secondary step on the
external surface and produces the expected ortho- and meta-isomers (Paparatto et al., 1987). In
the case of the disproportionation of toluene over ZSM-5, where the rate constant of the xylene
isomerisation is reported to be 7000-times larger than the main reaction (Olson and Haag, 1984), the
reaction rates would become comparable. The contribution of the external surface would reduce the
intrinsic shape selective product spectrum. Recent results by Kim et al. (1998) and Kunieda et al.
(1999) in the methylation of toluene and the disproportionation of toluene indicate that the shape

selectivity is governed by both diffusional effects and the secondary reaction on the external surface.

Proportion of the external surface

The proportion of the external surface has an important bearing on the catalytic contribution of the
external active sites. Since zeolite samples are often far from perfectly spherical and thus exhibit

mesopores (Harvey et al., 1995), the external surface is expected to be larger than the ideal geometric
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areas. Remy and Poncelet (1995) and Melson and Schiith (1997) reported that around 50% of the

total active sites were located on the external surface for small ZSM-5 crystals (d, < 0.1um).

Thus, the contribution of the external surface to the overall reaction must not be underestimated,;
especially when catalytic systems are investigated where secondary reactions of differing rates and

effectiveness factors might interfere.

1.1.5 Application of ZSM-5

ZSM-5 is considered the most useful out of the family of the 10-membered zeolites. High activity,
high tolerance to coking, and high hydrothermal stability have made ZSM-5 a widely used catalyst
in the petrochemical industry for isomerisation, oligomerisation, disproportionation, cyclisation, aro-
matisation, esterifications, cracking, hydro-cracking and many other reactions (Corma, 1992; Chen
et al., 1994, 1996).

1.2 Modification of the external surface

The modification of the external surface of zeolites has been achieved with several methods which
involve the exchange of cations, poisoning of acid sites with organic base molecules, selective cok-
ing and the continuation/coating of the structure with the ”inert” building component, i.e. silica
{Vansant, 1988; Choplin, 1994; Chen et al., 1994).

Several methods for coating with silica have been reported which range from growing aluminium-free
silica-shells on the zeolite (Rollmann, 1980) over the liquid phase (Bergna et al., 1989) to the vapour
phase deposition (Niwa et al., 1982; Wang et al., 1988). Suitable precursors allow silica deposition of
the external surface only. Weber et al. (1996); Weber (1998) compared the above mentioned coating
procedures and concluded, that silica deposition from the vapour phase was the preferred method. It
achieved the elimination of the external surface without significantly changing the acidic properties

of the zeolite.

1.2.1 Chemical vapour deposition (CVD)

The chemical vapour deposition (CVD) of various silica precursors and methods has been reviewed
frequently (Vansant, 1988; Chu et al., 1989; Murakami, 1989; Niwa and Murakami, 1989; Choplin,
1994; Iwasawa, 1997; Weber, 1998; Roger, 1998; Kiihl, 1999; Impens et al., 1999). The advantages
of CVD can be summarised as: (i) high purity of the gaseous reagents, (ii} easy and precise control
of the modification conditions and thus on the progress of the reaction and (iii) the possibility to

accurately determine intermediates and degree of deposition with conventional techniques (Niwa and
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Murakami, 1989). The difficulty in the scaling-up and the involvement of expensive and sometimes

hazardous materials are disadvantageous for industrial application.

1.2.2  Silica Precursors

A large variety of silicon containing compounds has been studied for their applicability of silica
deposition. References for the use of silanes are found from the early 70’s by Kerr (1972) and
the selection of suitable compounds has been extended ever since. With the growing number of
precursors, the variety of designations for the modification process expanded and is usually referred
to as silylation (von Ballmoos and Kerr, 1985; Impens et al., 1999), silynation (Shaikh et al., 1999),
silanation (Niwa et al., 1982), disilanation (Yan et al., 1989) or silanisation (Weber et al., 2000).

In summary it can be said that the above mentioned expressions ultimately describe the deposition

of silica onto/into a support material, however, involving different reaction mechanisms.

1.2.3 Alkoxysilanes

Particularly suitable silica precursors where found in the class of alkoxysilanes. Niwa et al. (1982)
reported on the use of an alkoxysilane: tetramethoxysilane (TMOS) which was larger than the pore
size of zeolite mordenite and thus would not affect the acid properties (Niwa et al., 1984a). The larger
molecular dimensions of tetraethoxysilane (TEOS) and the lower reactivity (Niwa and Murakami,
1989) as well as lower toxicity (Roger, 1998) make TEOS a promising reagent for a broader range of
zeolite types. Tetraalkoxysilanes are known to readily undergo hydrolysis (Bradley, 1989).

1.2.4 Reaction mechanism for alkoxysilanes with zeolites

It is generally accepted that the hydroxyl groups are the reaction points for the alkoxysilanes (Niwa
et al., 1984a, 1986b, 1988; Hibino et al., 1993; Tynjila and Pakkanen, 1997; Shaikh et al., 1999).

A reaction mechanism for TMOS and the surface mordenite was first reported by Niwa et al. (1984a)
and clarified in following studies (Niwa et al., 1988). The reaction can be classified as dissociative
adsorption. TMOS adsorbs on the surface and yields adsorbed trimethoxy species and methanol.
Because the adsorbed trialkoxy species can also undergo condensation reaction with neighbouring
adsorbed species, siloxane bonds can be formed. A subsequent hydrolysis step and/or thermal treat-
ment transforms the alkoxy groups into hydroxyls which become susceptible for further deposition.
Thus, the formation of silica layers on the external surface is achieved. Niwa et al. (1988) reported
that a temperatures lower than 100°C and in the absence of water the adsorbed alkoxy species would
not react further, thus favoring the formation of mono-atomic silica fragments. Chun et al. (1994)

applied this reaction mechanism to the surface reaction of TEOS on zeolite 3.
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1.2.5 Methods of deposition

The number of reported CVD methods employing alkoxysilanes is enormous. Table H.2 provides
an overview of CVD methods for the deposition of alkoxysilanes on zeolites and related materials.
The techniques can be classified depending on whether the modification is carried out under (i)
static or (ii) flow conditions. When the modification is carried out on static balance systems (Niwa
et al., 1984a}, the mass gain due to deposition can be conveniently determined. However, Niwa et al.
{1986b) and Weber et al. (1998, 2000) pointed out, that the presence of gaseous deposition products
interferes with the primary deposition reaction. In contrast to that, flow systems ensure (Wang
et al., 1988), that gaseous decomposition products are continuously removed from the catalyst bed.
The degree of deposition can however only be determined indirectly, employing chromatographic

techniques.

To ensure uniform deposition across the catalyst bed, the appropriate operation conditions have to
be chosen, facilitating low concentration gradients and differential conversion (Roéger, 1998). This
stipulation aggravates the comparison of modifications which were carried out under static and flow
conditions (Weber et al., 2000}.

The degree of deposition can be varied by choosing the appropriate contact time of the catalyst with
the modifier. Because of the (apparent) self-limiting nature of the deposition reaction at low reaction
temperatures, higher amounts of silica can be deposited by the cyclic repetition of modification
procedure (Hibino et al., 1988, 1991).

Modification of zeolites in industrial size processes has also been stated. By making use of the ideal
mixing behaviour of fluidised beds, Chihara et al. (1996) demonstrated that zeolite Na-A could be
successfully modified for mass production. Chang and Rodewald (1996) reported the modification
{("trim selectivation”) during the initial stage of toluene disproportionation by co-feeding the silicon

precursor into the feed stream .

1.2.6 Pre/Post CVD treatment

Modification in static vacuum systems is usually preceded by evacuation and/or calcination of the
sample while a calcination step removes impurities in flow systems. Subsequent hydrolysis, evacuation
and caleination in air generally follows as the final step of the modification in the respective systems.
It has been confirmed that the deposited silicon compound are completely oxidised and stabilised on

the external surface (Niwa et al., 1984a).
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1.2.7 Parameters which influence the modification procedure
Zeolite type

Hibino et al. (1993) reported that more silica layers were needed for the inertisation of ZSM-5 than
for mordenite. Similarly, Weber et al. (2000) found that it was possible to inertise mordenite and 8
in one CVD cycle, while surface activity of ZSM-5 remained. They concluded, that the deposition

occurred more rapidly over the aluminium-rich mordenite and 3.

81 to Al ratio

The catalytic properties of zeolites are strongly related to the acidity and in turn to their composition.
The CVD enhancing effect of the presence of structural acidity in various materials, such as ZSM-5,
silica-alumina, alumina and kieselguhr, was shown by Wang et al. (1988). It must be assumed that
the composition of the zeolite strongly affects the CVD (Weber et al., 2000). In contrast to that
Hibino et al. (1993) reported that the Si/Al-ratio of mordenite did not affect the deactivation of
the external surface with CVD. They furthermore concluded that the CVD proceeded without being
influenced by the cation type.

Crystal morphology

A study reported by Bhat et al. (1996¢) showed that the crystal size and shape affected the degree
of deposition. More silica was required to achieve para-selectivity in the ethylation of toluene when
smaller crystals were used. Also, the interference of extra-framework aluminium, requiring higher

amounts silica for successful modification, was reported (Hibino et al., 1993).

Extrusion and pelletisation

For practical reasons, zeolite powder is often pressed to pellets, granules or extrudate. Particularly
ZSM-5, custom tailored by means of pre-coking and silica modification, is widely used for T-DP
{(Tsal et al., 1999). Wang et al. (1988) showed that typical binder materials, such as silica and
alumina, were reactive to TEOS. However, the use of pellets may influence the effectiveness factor
for a catalytic reaction. Thus, an effect of binder on the CVD is conceivable. From a practical point

of view the handling of catalyst pellets might be preferred (Weber et al., 2000).
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Co-feeds

The modification method of Wang et al. (1988) employed toluene and methanol as co-feeds. It can
only be speculated that toluene acts as a unreactive diluent below 200°C (Tsai and Wang, 1991) to
retard the deposition rate and allow control over the deposited amount of silica. Wang et al. (1988)
claimed that the co-feeding of methanol which subsequently undergoes dehydration, led to water
formation which facilitated a more uniform deposition. This conclusion might be misleading since
the presence of water also facilitates the formation of the closed silica network (Katada et al., 1994)
resulting in the blocking of pores and the deactivation of the catalyst. Ethers might be co-fed to

control the amount of water formation when alcohols are present.

Deposition temperature

CVD has been carried out from 25 to 400°C (Table H.2). Niwa et al. (1988) and Hibino et al. (1988)
observed the "saturation effect” of the product inhibited deposition reaction at room temperature
and at 320°C. This showed that TMOS was more reactive to the hydroxyl groups on the fresh surface

than to the adsorbed species on the surface after reaction.

Studies, which in particular focused on the deposition temperature, were reported by (Niwa et al.,
1984a, 1986a; Hibino et al., 1988; Wang et al., 1988, 1989; Tsai and Wang, 1991; Chun et al., 1994;
Fei et al., 1995). Their aim was to establish the reaction conditions which ensure (i) a desired degree
of deposition and (ii} the uniform modification of the catalyst bed by controlling the deposition rate.
The effects of the modification was then tested with the adsorption of probe molecules and with
catalytic test reactions. Niwa et al. (1984a) showed with temperature programmed desorption (TPD)
of NHj that the amount of acidity was not significantly changed, when the deposition temperature
was varied between 220 and 320°C.

Apart from controlling the deposition rate, the reaction temperature determines the extent of side
reactions of the involved reactants and products. Especially the dehydration of alcohols, occurring

over acid zeolites, must be considered.

The role of water

The presence of water requires careful attention and cannot be decoupled from the deposition temper-
ature. In-situ generated water catalyses the deposition process (Niwa et al., 1988), thus propagating
the deposition reaction. This could provoke the closure of the interlinked silica network on the sur-
face (Katada et al,, 1994) detrimentally affecting the accessibility to the zeolite. Thus, water in the
reaction and it’s autocatalytic function might significantly influence the quality of the deposited silica

layer.
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It appears that the effects of reaction temperature and the generation of water assume key roles in
the deposition process. Conclusions regarding the influence of these parameters on CVD were not

found in the literature.

1.3 Characterisation of silanised zeolites

The effects of CVD on zeolites have been studied extensively. Table H.3 serves as an overview of the

reported studies.

1.3.1 Conservation of crystal interior

Several adsorption studies, employing small, fast diffusing probe molecules (Niwa et al., 1986b),
established that the internal pore space remains unaffected by CVD of TMOS and TEOS. X-ray
photoelectron spectroscopy (XPS) measurements by Niwa et al. (1984a) and secondary ion mass
spectroscopy studies by Fetting and Dingerdissen (1990) showed that silica is exclusively deposited

on the external surface of the zeolite.

When probe molecules of similar size to the channel dimensions, such as para-, ortho-xylene and
pyridine, were used, large differences in diffusivities in the zeolite became apparent. While no signifi-
cant alterations in uptake rates and adsorption capacity for molecules like n-hexane and para-xylene
{p-xylene) were observed, bulky molecules, such as o-xylene and trimethylbenzene, were strongly

affected. This provoked conclusions to be made about alterations of the pore openings.

Comparing uptake rates of small and fast-diffusing molecules to the rates of bulky and slow-diffusing

molecules does, however, not allow deducing changes of the pore geometry.

1.3.2 Acidity of the zeolite

The TPD of NHj3 showed that the CVD of TMOS did neither change the number nor the strength
of acid sites of mordenite (Niwa et al., 1984a) and ZSM-5 (Niwa et al., 1986b) when the catalyst was
modified in a static system. Pyridine adsorption by Weber et al. (1998) on TEOS modified ZSM-5
confirmed the above observations in both static and flow systems. Inconsistencies at high degree of
modification were explained by reduced access of the probe molecules to the internal acid sites due

to pore blockage

1.3.3 Morphology of deposited layer

The thickness and the growth orientation of the deposited layer are therefore key variables to explain
the effects of CVD. Because of the four functional groups of the TMOS and TEOS, growth could
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proceed vertically and horizontally. It would be desirable to continue the zeolite structure with a
crystalline layer, rather than depositing amorphous, debris like material. Hibino et al. (1989b,a)
studied the deposition of germanium-methoxide, using EXAFS, XPS and TEM. They concluded
that the deposited phase resembled amorphous or thinly layered GeQOs. This was taken as indication
that the final stabilised deposit would consist of interlinked tetrahedral units. It was also shown that
the deposited layer deteriorated under humid conditions which resulted in bulky particles on the
surface. Weber et al. (2000) discussed the relative crystallinity of zeolite mordenite, § and ZSM-5

and concluded that the deposited material was amorphous in nature.

Applying the above findings to silica, the CVD should lead to the formation of a thin layered in-
terlinked siloxane network. Because of the low reactivity of the adsorbed alkoxy species it seems
likely that growth proceeds horizontally first. The presence of water could facilitate the growth in

the vertical direction.

The lack of reactivity of the adsorbed alkoxy species at low temperatures (?saturation-effect”) pre-
vents the deposition of sufficient silica, which is needed to cover all potential attachment sites on the
external surface (Niwa et al., 1984a, 1986b, 1988). Thus, either higher deposition temperatures or

cyclic deposition is necessary to obtain the required silica loading.

The thickness of ca. 3 A was estimated for a monolayer of SOy (Niwa et al., 1984a). Relating the
deposited mass to the assumed attachment site density allows calculation of the thickness. Niwa
et al. (1988) showed that one to two layers of silica were obtained, when the deposition reached
saturation over mordenite between 0 and 100°C. Saturation over a modified sample resulted in the
formation of half a silica layer. Surface analysis with XPS measurements was in good agreement with

the calculations (Murakami, 1989).

It can be assumed, that CVD of tetra-alkoxysilanes leads to the formation of thin layers on the
external surface. It remains questionable if the structure of the deposited phase can undoubtedly be

classified as either crystalline or amorphous.

1.3.4 Modification of the pore mouth

The pronounced differences in uptake rates and equilibrium amounts for the adsorption of p-, o-
xylene, n-hexane and water was first reported by Niwa et al. (1984a). CVD resulted in the sequential
exclusion of o-xylene, p-xylene and n-hexane from mordenite. Because of the decreasing kinetic
diameters of these molecules, it was concluded that CVD allows controlling the size of the pore

openings in a uniform manner.

In contrast to the deposition of silica on the external surface, Hibino et al. (1993) found the alterations
of the pore opening to depend strongly on the Si/Al ratio. Highly siliceous mordenite required more

silica layers to show the molecule sieving effect. It was proposed that the differences in bond length
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Figure 1.3: Dependence of the extent of pore mouth narrowing on the S1/Al ratio (Hibino et al., 1993).

between Si-O-Al of the zeolite and S5i-O-Si of the deposited layer caused the protrusion of silica into
the pore opening. This would effectively narrow the pore opening and higher aluminium content

would increase the distorting effect (Figure 1.3.4).

After all it must born in mind that the molecular dimensions have a pronounced effect on the
diffusivities of the sorption molecules in the zeolite (Wei, 1982). When comparing the uptake rates
of molecules of largely differing diffusivities (D,—x/Do—x ~ 1000) appropriate measures must be
undertaken to determine the equilibrium amounts of the adsorbed species, especially in large crystals
{Chen et al., 1994). Consideration must be also given to the dimensionality of the modified zeolite.
Modifications of a three-dimensional zeolite (e.g. ZSM-5, 8, Y) will not affect the adsorption capacity,
unless all pore openings are blocked. When however, the entrances of the same channel in one- and
two dimensional systems (e.g. mordenite) are blocked, adsorption capacity will become reduced

proportionally to the channel volume.

1.3.5 Blocking of the pore openings

The blocking of pore-openings on the external surface of a 3-dimensional catalyst was mathemat-
ically described by Theodorou and Wei (1983). They simplified the 3-dimensional structure to a
2-dimensional, 21 x 2l-interconnected-cell-network. Monte-Carle simulations on a 11 > 11-grid re-
flected the intra-crystalline reaction and diffusion situation for a monomolecular equilibrium reaction
(A+=B) at constant temperature and pressure but at varying degrees of structural modifications.
They showed that, as the extent of pore blockage increases, the effective diffusivity and consequently,
the effectiveness factor 5 (i.e. effective reaction rate) decreases (see Figure 1.4). In other words, pore
blocking decreases the diffusivity of reacting molecules more effectively than pore narrowing or the

introduction of intra-pore restrictions.

Pore blocking is thus another method to achieve selectivity and deactivation. This effect is due to the
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Figure 1.4: Effect of pore blocking on effective diffusivity and effectiveness factor (Theodorou and Wei, 1983).
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increased path length that molecules have to traverse in order lo leave a partially blocked catalyst.
Most of the selectivity changes occur in the small range of 3 > ® > 30, i.e. the switch between the

not diffusion limited range to the strongly diffusion limited regime.

In conclusion, it becomes obvious that regardless, whether the CVD leads to the narrowing or the
blocking of the pore openings, differences in mobility and molecular size are both considered in the
diffusivity of the molecules. In particular the adsorption of benzene and the three xylene isomers is

known to have produced inconsistent results (Chen et al., 1994).

1.3.6 Catalytic testing

The changes of the physio-chemical properties on the external surface are closely related to changes
in activity and selectivity of the zeolite for the conversion of hydrocarbons. A catalytic conversion
is considered as the "most sensitive” response to modification of the catalyst (Kva et al., 1989).
Suitable "test reactions” (Table H.3) provide insight into the key aspects of the catalytic behaviour

of the modified zeolites.

Activity of the modified zeolite

Modification via CVD is expected to affect the zeolite’s activity in two ways: (i) to eliminate the

contribution of the external surface and (ii) to reduce the contribution of the interior by imposing
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diffusional constraints on the reaction system.

1,3,5-triisopropylbenzene (1,3,5-TiPB, di;,=8.5A4) is too bulky to enter the channels of mordenite
and ZSM-5 (Hibino et al., 1993). Thus, the cracking or isomerisation of this molecule is limited to
the external surface only; i.e. to the spatially unconstrained active sites that are located either on the
external surface or in the pore entrances. Several authors have applied the cracking of 1,3,5-TiPB on
mordenite and ZSM-5 and reported on the inertisation of the external surface (Hibino et al., 1991,
1993; Kim et al., 1996; Roger, 1998; Roger et al., 1998a, 2000; Weber, 1998; Weber et al., 2000). The
applicability of the transformation of 1,2,4-trimethylbenzene as a test reaction to monitor the effects
of CVD was investigated by Roger (1998); Roger et al. (1998a). It proved to be equivalent to the

cracking of 1,3,5-TiPB in probing the external surface activity.

For reactions that make use of shape selective interior of zeolites, clear differentiation between the
contributions of the external surface and the catalyst’s interior is not readily possible. However,
it is frequently reported that CVD resulted in the activity loss for alkylation, disproportionation,
aromatisation and cracking reactions (Table H.3). The loss of activity was ascribed to both the
inertisation of the external surface as well as increased diffusional constraints which decrease the
effectiveness factor of the respective reaction. However, the relationship between the two activity

contributions has not yet been quantified (Roger, 1998).

Selectivity

The generation of shape selectivity in zeolites has been extensively studied. Particularly the formation
of the valuable para-dialkylbenzenes is of both academic and industrial interest. Since the early work
by Kaeding et al. (1981b,a) and Young et al. (1982), the differences in diffusivities of the xylene
isomers was invoked to explain the increased para-selectivity of modified ZSM-5. A mathematical
model was derived by Wei (1982) which correlated the observed selectivities to the Thiele modulus,
P = R\/m_. Subsequent models were extended to also incorporate adsorption effects in the zeolite
(Klemm et al., 1997). Additionally, Paparatto et al. (1987) proposed that restricted transition
shape selectivity favored the formation of the para-isomer inside the crystal but that a secondary
isomerisation step on the external active sites yielded an isomer composition in the thermodynamic
equilibrium. This suggestion was confirmed for the ethylation of toluene when the external surface

was poisoned with S-naphtoquinoline (Wang et al., 1988).

It has been shown for the disproportionation of toluene over ZSM-5 that the para-selectivity improved
gradually with increased silica deposition (Hibino et al., 1991). The subtle increase in para-selectivity
was monitored by Roger et al. (1998a) by increasing the number of successive CVD cycles of TEOS at

100°C on one and the same sample. Unfortunately, the degree of deposition could not be established.

The difficulty arises in separating both influencing parameters, diffusion and external surface. Kim

et al. (1999) and Kunieda et al. (1999) studied the methylation and disproportionation of toluene,
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respectively, over 20 kinds of ZSM-5. While the diffusion property of the zeolite was the predomi-
nant factor for para-selectivity in the methylation, no such clear conclusion could be drawn for the
disproportionation. Thus, CVD that increases diffusional constraints and deactivates the external

sites would enhance para-selectivity.

Lifetime

Niwa et al. (1986b) and Sawa et al. (1990) reported on the deactivation behaviour of modified ZSM-5
and dealuminated mordenite, respectively, for the methanol to olefin synthesis (MTO). The modified
ZSM-5 showed similar deactivation rates to the parent sample while severe deactivation was observed

for the modified mordenite when the degree of deposition was increased.

It is well known that heavy aromatics act as precursor for coke formation inside the zeolite. This
leads to the deactivation of the catalyst with extended reaction times. Restricted diffusion retards
bulky molecules inside the crystal which undergo further reaction (Guisnet et al.,, 2000). Recent
results by Roger et al. (2000) show that paring of alkyl branches from poly-alkylbenzenes occurs as

result of increased diffusional constraints after the CVD on ZSM-5.

If coking also occurs on the external surface, increased pore blocking could influence the rate of
deactivation (Suzuki et al.,, 1983). This will strongly depend on the dimensionality of the zeolite.
However, the elimination of external activity should suppress coke formation and hence, increase the
life time of the catalyst. Roger (1998) concluded that the interplay of the catalytic system, reaction

temperature and amount of deposited silica together determine the effect of deactivation.
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1.4 Modification and characterisation

It is apparent that the CVD of tetraalkoxysilanes has gained an important position as post-synthesis
technique to improve the shape selectivity of various zeolites. Despite the wide application of this
method, several key questions remain unresolved; (i} generation of shape selectivity and (ii) deactiva-
tion with increase silica loading. The complete understanding of the effects of CVD is indispensable

in order to achieve most successful modification of zeolites.

1.4.1 CVD method of choice

Roger {1998) has monitored the smallest incremental step changes in para-selectivity, due to increased
silica deposition, which have been reported in literature so far. ZSM-5 was modified by the CVD
of TEOS at 100°C in a flow type system. By repeating the CVD with up to 16 cycles, it was
possible to monitor the improving para-selectivity for the disproportionation of toluene over ZSM-5.
The p-isomer in the xylene fraction reached a maximum of 98%. Because of catalyst deactivation,
the space velocity had to be decreased to maintain a constant toluene conversion of approximately
2.5%. Cracking of n-hexane showed that the interior of the catalyst remained unaffected by the CVD

process. The inertisation of the external surface was confirmed by the cracking of 1,3,5-TiPB.

Roger (1998) also applied the transformation of 1,2,4-trimethylbenzene (1,2,4-TMB) as a test reac-
tion, serving to monitor the effects of CVD. The reaction pathway for the rather complex reaction
system was elucidated (Roger et al., 1998b).

Roger (1998) concluded that the isomerisation of 1,2,4-TMB on the external surface showed equivalent
results to the cracking of 1,3,5-TiPB. The disproportionation reaction inside the crystal however,
was very sensitive to increased diffusional constraints as result of CVD. This reaction was thus not

desirable as a test reaction for the internal surface.

Thus, the cyclic CVD of TEOS at 100°C provided complete control over the effects of silica deposition
with respect to inertisation, retained activity of the interior and improved shape selectivity. However,

the mass of the deposited silica could not be determined.

1.4.2 Test reactions to monitor the effects of CVD
Cracking of 1,3,5-triisopropylbenzene (1,3,5-TiPB)
The cracking rate of 1,3,5-TiPB was suggested by Namba et al. (1986) to serve as a measure for the

external activity and acidity . The conversion of the bulky molecule, which cannot enter the pore

openings of ZSM-5, should be due to dealkylation and isomerisation reactions.
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Disproportionation of toluene

The disproportionation of toluene over ZSM-5 is a well established process in the production of p-
xylene and highly selective catalysts are desired (Tsai et al., 1999; Kunieda et al., 1999). The primary
disproportionation products are benzene and the three xylene isomers. Thermodynamic equilibrium
calculations show that the formation of tri- and tetra-methylbenzenes are also possible (Olson and
Haag, 1984). However, in the reaction over ZSM-5, these compounds are usually found in negligible
amounts only (Kaeding et al., 1981a; Meshram et al., 1983; Chen et al., 1996). Furthermore, Roger
et al. (2000} showed that the polymethylbenzenes undergo the paring reaction mechanism at high

temperatures vielding light hydrocarbons and benzene,

Three different reaction mechanisms (Figure 1.5) for the acid catalysed disproportionation have been
suggested (Uguina et al., 1993): (a) the intermolecular transfer of a methyl group, (b) the dissociative
mechanism of dealkylation and subsequent alkylation and (c) the bimolecular mechanism, involving

a diphenvimethvl intermediate.

a) intermolecular methyt fransfer © ‘
CH
© © + CHy* Z- b} dissociative de-/realkylation © ‘ © @

IR 00 d/

¢) diphenylalkane mechamsm

Figure 1.5: Mechanism of toluene disproportionation over zeolites (Uguina et al., 1893).

Isotopic labelling of toluene with deuterium indicated that the first step of the disproportionation
inside the ZSM-5 crystal proceeds via the bimolecular transition state (Xiong et al., 1995). The
proposed transition state would be snugly accommodated in the straight channels. Not only the
reaction mechanism remains a matter of discussion but also the precise kinetics over unmodified
ZSM-5 are still under debate (Uguina et al., 1993). However, pseudo-homogeneous first and second

order rate laws have been successfully applied (Bhaskar and Do, 1990; Dooley et al., 1990).

TDP is known to produce thermodynamic xylene isomer compositions over a wide range of con-

version and reaction temperatures (Kaeding et al., 1981a). The maximum conversion is limited by
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Figure 1.6: Model for selective toluene disproportionation {Olson and Haag, 1984).

thermodynamic equilibrium to 50% (Wei, 1982).

Hibino et al. (1991) showed that para-selectivity of unmodified ZSM-5 increased when the toluene

conversion decreased below 1%.

Higher para-selectivities could be achieved by methods constricting the channel dimensions (Kaeding
et al.,, 1981a} and by CVD of tetraalkoxysilanes (Wang et al., 1988, 1989; Hibino et al., 1991; Das
et al., 1994; Roger et al., 1998a). Processes that employ the silica deposition and the pre-coking for
the para-selectivation of ZSM-5 are reported in literature (Tsai et al., 1999).

The CVD of TMOS (Hibino et al., 1991) and TEOS (Réger et al., 1998a) showed only modest
deactivating effects of the modified catalyst for TDP. However, this was only reported for conversion

levels of below 2.5%.

Kaeding et al. (1981a) reported that higher para-selectivity over boron-modified ZSM-5 was obtained
when the reaction temperature was increased from 500 to 700°C. Similar results over uniodified ZSM-
5 were explained with the dependencies of the Thiele modulus, resulting in increased diffusional
constraints at higher reaction temperatures (Olson and Haag, 1984). The relationship between

xylene-selectivity and structural effects of the zeolite are illustrated in Figure 1.6.

Modification of the channel dimensions affect the diffusional properties. Increased diffusional con-
straints favor the fast diffusing species and p-xylene concentration outside the crystal becomes en-
riched. Olson and Haag (1984} explained the detrimental effects of longer space times on the high
para-selectivity with the subsequent isomerisation when the para-isomer reenters the structure, yield-

ing all xylene-isomers.

In contrast to that it has been suggested that the transition state restrictions and product selectivity
in ZSM-5 limit the mass transport of xylenes to the para-isomer only. Secondary isomerisation on

the external surface is held responsible for non-shape selective conversion (Derouane, 1980; Nayak
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and Riekert, 1986; Fraenkel, 1990).

Reaction mechanism of xylene isomerisations

The isomerisation of xylenes follows two possible reaction mechanisms (Guisnet et al., 2000). In
absence of diffusional limitations, the isomerisation proceeds via the (i) intramolecular mechanism
which involves the 1,2-shift of a methyl group in the adsorbed and protonated xylene molecule. This
isomerisation is strictly sequential (p-X < m-X « 0-X} and the direct isomerisation of p- to o-xylene
is not possible. In contrast, the predominant mechanism under diffusional constraints is the (ii)
intermolecular mechanism. This mechanism requires the disproportionation of two xylene molecules
to form a trimethylbenzene and a toluene molecule as the first and rate limiting step. The secondary
transalkylation step transfers a methyl group from the trimethylbenzene to either a toluene or more
likely to a reactant xylene, allowing the direct p- to o-xylene transformation. The spatial constraints
within the ZSM-5 crystal however, impede the formation of bulky bimolecular transition states, so

that the isomerisation proceeds mainly via the intramolecular mechanism.

In conclusion it is clear that the observed para-selectivity during TDP over ZSM-5 depends on: (i)
the primary product distribution and (ii) the mass transport inside the crystal and on (iii) non-shape

selective reactions on the external surface.
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1.5 Ohbjective of this study
The review of the present literature showed:

1. CVD of TEOS is an important technique to improve the para- selectivity of ZSM-5.

2. The cyclic CVD method developed by (Roger et al., 1998a) provides excellent control over the

degree of modification.
3. Cracking of 1,3,5-TiPB allows quantification of the external activity.

4. Disproportionation of toluene reflects changes in shape-selectivity due to modification of the

external surface.

The above stated modification technique and test reactions provide tools to (i) determine the extent

and (ii) elucidate the effects of silica deposition.

The objectives are:

1. To develop a broader understanding of the reaction steps that are involved in the modification.

2. To elucidate the amount of deposited silica which causes the change in the catalytic properties
of the catalyst.

3. To investigate the effect of the deposition temperature on the quality of the deposited layer

with special regards to deactivation with increasing silica loading.
4. To separate the contribution of the external activity from the activity of the interior.

5. To understand the influence of diffusion effect on the reaction pathways.
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Chapter 2

Experimental

2.1 Materials

2.1.1 Chemicals

Analytical grade reactants (see Table 2.1) were used without further purification. They were fed into
the reactor by means of saturators. Acid washed sea sand, used for the dilution of the catalyst, was
boiled three times in distilled water and calcined in air at 950°C for 12 hours. Nitrogen was used as
a carrier gas in all experiments. The reactor was operated at 150 kPa absolute pressure. Synthetic

air was used in all calcinations and regenerations.

Table 2.1: List of Chemicals

Chemical Producer Purity B.P.  pat25°C Molar mass Description
% °C g/cm? g/mol

Tetra- Fluka > 98.0 163-167 0.933 208.33 Cat.-#86580

ethoxysilane

Toluene Saarchem >99.8 119-112 0.867 92.14 Cat.-#608  1040;
batch 1010013

1,3,5-tri- Aldrich > 97 232-236 0.845 204.36

iso-propyl-

benzene

p-xylene Saarchem > 99 138 0.860 106.17

sea sand Aldrich 2.5-2.8 Cat.-#27.473-9;
quartz, white -50
+70 mesh, Lot
20084-107

Silica Gel Aldrich Cat.-#24.217-9;
675 m?%/g; 35-70
mesh; 40A

Nitrogen Messer Fedgas 4.5

Air Messer Fedgas

(synthetic)

23
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2.1.2 Catalyst

MFT catalyst powder, supplied by Siidchemie AG in the hydrogen exchanged form, was used through-
out all experiments. The silicon to aluminum ratio was 44. The scanning electron micrograph in
Figure 2.1 shows that the catalyst particles had a narrow diameter distribution of around 150 nm.
Nitrogen adsorption was carried out using a Micromeretics ASAP 2000 analyser. The external sur-
face areas were calculated using the BJH algorithm (Webb and Orr, 1997). The BET isotherm of
the catalyst are shown in Figures A.1 and A.2 and the NH3-TPD spectrum in Figure A.3. The total

acidity of 0.74 mmol NH3/g was determined for the catalyst.

vf}b_x

L

Table 2.2: Catalyst specifications
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Figure 2.1: SEM micrograph of ZSM-5

Catalyst type MFI
Producer Stidchemie AG ~ MFI-90
Si/Al 44
powder
total BET surface area (m?/g) 425.1 (N2)
external surface area (m?/g) 128.4 (N2)
Acidity (mmol/g) 0.74 NH;-TPD
pellets
total BET surface area (m?/g) 406.4 (N3)
external surface area (m?/g) 132.0 (N2)
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2.2 Experimental apparatus

2.2.1 Apparatus

All reactions, CVD and test reactions, were carried out in the apparatus shown in Figure 2.2. All flow
rates were regulated by Unit mass flow controllers. Thermostated glass saturators were attached to
the apparatus via neoprene tube connections. The saturator could be bypassed. The total pressure
in the saturator which was monitored with a pressure sensor, could be adjusted by a needle valve
(N1). The reactor bypass line was equipped with a needle valve (N2) with which equal pressure
differentials of bypass and reactor bed could be achieved. Thus, the feed stream in the bypass line
and in the reactor head were of the same composition. The reactor head pressure was controlled
with a back pressure regulator in the product line and was monitored with a pressure sensor located
at the reactor inlet. The reactor was housed in a custom made tubular furnace which showed good
isothermal behavior over the length of the catalyst packing. The temperature of the catalyst packing
was measured by a thermocouple placed in the center of the reactor (see Figure C.1). Feed and

product lines of the apparatus were heated to 120°C.
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Figure 2.2: Flowsheet of reaction apparatus.

2.2.2 Reactor

A stainless steel tube with 10 mm internal diameter and 80 mm length was used as reactor (ap-
proximately 7 cm? volume). To measure the temperature in the center of the catalyst packing, a
thermowell with an outer diameter of 3.1 mm was fitted to the reactor head. The reactor could
be connected to the reaction rig via VCR-vacuum-fittings which were welded on both the inlet and

outlet of the tube. A sketch of the reactor is shown in Figure C.1 (Appendix C).
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2.2.3 Saturator

Reactants were fed using single stage bubble saturators which were made from glass. Full saturation
of the gas stream was a priori confirmed by monitoring the constant liquid level in the reservoir of
a second saturator in-line. The carrier gas was dispersed by a frit as fine bubbles and percolated
through the liquid reservoir. The jacket around the saturater contained water which was supplied
by a thermostated bath. The fine dispersion of the carrier gas into the liquid ensured full saturation
of the gas over a wide range of flow rates. A sketch of the saturator can be found in Figure C.2
(Appendix C).

2.2.4 GC-online analysis

Reactor effluents were analysed using online GC. A fixed volume (500 pl) sample loop was used to
inject the gas samples into the separation column. Conditions of the operation of the GC are given
in Table D.1 (Appendix D).

2.2.5 GOC-Analysis of unretained compounds and light hydrocarbon samples

For additional analysis of the gaseous products leaving the reactor samples could be taken with a gas-
syringe. An access port was located before the sample valve. Gas samples could then be transported
for further analysis to a cryogenic GC. Condensation of the light hydrocarbons in the gas-syringe at
room temperature did not occur. Details of the GC specifications and conditions for the analysis are
given in Table D.3 (Appendix D).

2.3 Experimental procedure

2.3.1 Preparation of powder

The H-MFT powder was attached to sand in order to maintain isothermal conditions throughout the
reactor bed, to avoid channelling effects and to enhance plug flow. 0.5 g Catalyst powder was mixed
with 4.5 g catalytically inert sand, wetted with distilled water and intensely stirred. The catalyst

sand mixture was dried at 50°C.

2.3.2 Preparation of catalyst pellets

Catalyst powder was compressed to wafers (1 mm thickness) by applying pressure of 40 kN with a

hydraulic press (34 mm diameter). The wafers were crushed and sieved to obtain the particle size
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fraction of 300-500 wm. 1.5 g pellets mixed with 4 g sand were used for the modification and test

reactions.

2.3.3 Loading of the reactor

The catalyst, 0.5 g powder (attached to 4.5 g sand) or 1,5 g pellets (mixed with 4 g sand), were
placed inside the tubular reactor. The depth of the catalyst bed was approximately 4 to 5 cm. Sand
packing of 3 g each up- and down-stream ensured isothermal conditions and a well developed flow
pattern. After loading, the reactor was attached to the reaction rig (down-flow mode) and a leak

test was performed.

2.3.4 Run preparation and setting of reactor conditions

In preparation for each run (CVD or reaction) the catalyst was calcined (pretreatment and regenera-
tion}) in a stream of flowing air at 550°C for at least 3 hours. An overview of the reaction conditions

for the experiments on powder and pelletised samples are given in Tables 2.3 and 2.4, respectively.

2.3.5 Setting to test reaction temperature

After calcination the stream of air was replaced by nitrogen and the desired reaction temperature
set (see Tables 2.3 and 2.4). Once this temperature was reached and the pressure readings were
taken, the reactor was switched to bypass mode and the bypass line pressure could be adjusted to
the correct value. The thermostated feed saturator was attached, the desired head pressure adjusted
and the flow was allowed to stabilise for 1 h while bypassing the reactor. The moment the reactor

was switched on-line is defined as zero time on stream for the test reaction run.

2.3.6 Setting to CVD reaction temperature

After the calcination prior to a deposition treatment, the reactor was sealed off and allowed to cool
down to the desired deposition temperature. Then, the reactor was opened to the nitrogen flow in
order to establish the pressure for a maximum period of 5 min. Thereafter the reactor was switched
to bypass again and the bypass needle valve was adjusted to obtain the desired pressure in the bypass.
Then, the TEOS saturator was attached and stabilised for 1h, bypassing the reactor. The moment

the reactor was switched on line is defined as zero time on stream.
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2.3.7 CVD-step

For CVD treatment, the nitrogen carrier stream was saturated with TEOS vapour and passed over
the catalyst bed for 1 h. After the deposition the TEOS saturator was disconnected and the pure
nitrogen carrier gas was flushed through the reactor for 10 min. Only then, the reactor was heated
at a rate of 10°C/min to the final calcination temperature of 550°C. Once this temperature was

reached, the nitrogen carrier stream was replaced by air.

2.3.8 Cyclic CVD-reaction-sequence

CVD treatment and test reactions were carried out in the same apparatus. After the fresh catalyst’s
initial calcination, cracking of 1,3,5-triisopropylbenzene (1,3,5-TiPB-cracking) and disproportionation
of toluene (TDP) were used to determine the catalytic performance of the parent catalyst. The partial
pressures of the probe compounds were derived from standard literature on physical properties of
liquid and gases (Reid et al., 1987). An overview of the reaction conditions is given in Tables 2.3
and 2.4. After the reaction time the 1,3,5-TiPB saturator was disconnected, the nitrogen carrier
gas replaced by air and the reactor ramped to the final calcination temperature of 550°C. A heating
ramp of 10°C/min was employed. After each TDP run, the saturator was detached and the reactor
was allowed to cool down to 300°C, before the gas stream was switched from nitrogen to air. Only
then the reactor was ramped to the final calcination temperature. The cooling step was introduced
to avoid alterations in the catalyst bed due to thermal shock resulting from temperature spikes after
the sudden combustion of coke at 550°C when introducing air into the reactor. Bypass samples and
samples of the reactor effluent were taken by means of GC-online analysis (see Tables D.1, D.3 and
D.2). The catalyst was not exchanged throughout the number of CVD treatments and test reactions

during the investigation of a temperature series.

Table 2.3: Reaction conditions for powder samples {catalyst mass: 0.5 g; carrier gas: nitrogen; see .15 for
detailed list of linear velocities and WHSV for kinetic studies of TDP).

CVvDh TiPB TDP Calcination

feed TEOS TiPB Toluene

partial pressure of feed (kPa) 0.88 0.17 12.31

flow rate carrier gas (ml/min) 100 92 50 100
reaction temperature (°C) various 270 550 550
reactor head pressure (kPa) 150 150 150

linear velocity in empty reactor at various 2.63 2.34 3.81
reaction conditions (cm/s)

WHSYV (gteed/(Ecatalysth)) 0.51 0.10 1.72

time on stream (min) 60 65 65 180
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Table 2.4: Reaction conditions for pelletised samples {catalyst mass: 1.5 g; carrier gas: nitrogen; see G.15
for detailed list of linear velocities and WHSV for kinetic studies of TDP).

CvD  TiPB TDP Caleination

feed TEOS TiPB Toluene

partial pressure of feed (kPa) 0.88 0.17 12.31

flow rate carrier gas (ml/min) 300 100 10 300
reaction temperature (°C) various 210 450 550
reactor head pressure (kPa) 160 160 120

linear velocity in empty reactor at various 2.54 (.62 10.81
reaction conditions (cm/s)

WHSV (gfeed/(gmtaéysth)) (.55 0.04 0.11

time on stream (min) 60 65 65 180

2.3.9 Effect of reaction temperature on TDP over powder

In order to study the effect of the reaction temperature on TDP, both flow rate of the carrier gas
and reactor temperature were varied. The carrier gas flow was adjusted to the minimal possible rate
{around 10-15 ml/min) at which constant flow was ensured. The maximum flow rate of around 130
ml/min was given by the limitations of the mass flow controller as well as the high pressure limit
with which the glass saturator could be operated. The reactor temperature was set to 450, 500 and
550°C. When the reactor had reached the desired temperature, the carrier gas flow was allowed to
stabilise and 3 samples were taken at 10 min intervals before the flow rate was adjusted. The results

are displayed in Figure 3.11. Deactivation of the catalyst was not observed (see Table G.13).

2.3.10 Long time TDP studies over pellets

In order to monitor loss of activity with increased time on stream the unmodified (parent) and
modified pellet samples were submitted to TDP up to 265 min. Samples were taken every 10 min

and the results are shown in Figures 3.12 and 3.23.

2.3.11 Variation of WHSYV during TDP over pellets

After 20 CVD cycles at 100°C the modified pellet sample was used to investigate the effect of toluene
conversion of p-xylene-selectivity. The conversion was altered by changing the flow rate of the carrier
gas to 10, 20 and 40 ml/min. When the flow through the reactor and the pressure readings for the
saturator and the reactor head were stable, 4 samples were taken at 10 min intervals. The results

are shown in Figures 3.12 and 3.23.
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2.3.12 Isomerisation of para-xylene over silica gel

Para-xylene (p-xylene) was reacted over silica gel in order to estimate the extent of the isomerisation
reaction at 450°C. 0.90 g silica gel (adsorption surface 675 m?/g), diluted with 4 g sand, was subjected
to 5 CVD treatments at 200°C with the above described procedure for pellets. P-xylene was feed via
a saturator at a partial pressure of 2.67 kPa. The flow rate of the carrier gas was set to 10 ml/min.
Bypass samples were taken at 10 min intervals. The reactor was switched online and the first sample

was taken after b min on stream. The total time on stream was 35 min.

2.4 Evaluation of catalytic reaction data

2.4.1 Molar flow rates

The molar flow rate of the carrier gas was controlled by the volumetric flow rate, v,, at standard

pressure and temperature assuming ideal gas behavior:

, 0
fleg = RT("Q (2.1)
The molar flow rate of the feed was determined by the partial pressure, p;, the total pressure in the

saturator, psq¢, and the molar flow rate of the carrier gas, 7y

. i .
T foed = The 2.2
Jee Psat Di “ ( )

The total molar flow rate of feed and carrier gas stream was calculated according to:

. poq}cg bi
Ltotal = 1 2.3
fetat = e Y =) (23

2.4.2 Concentrations

The concentration of the feed species at reactor conditions was calculated applying the ideal gas law:

Cfeed = 'hfeed Preactor (24)
Ntotat B Treactor

2.4.3 Conversion

The conversion of the reactants is defined as:
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X foeg = (1 — DLeed outy o 1009, (2.5)
/

Tfeed, in

2.4.4 Carbon balance

From the GC spectra carbon mass balances were obtained, using the ratios of the total peak area for

a sample at the time = ¢ and the peak area of the bypass samples.

E Peak area;, oy

- e 100 2.6
C — balance Peak area ooy x 100% (2.6)

Coke formation in the reactor reduces the precision of the carbon balance. However, it does not

effect the calculation of the conversions.

2.4.5 p-Xylene selectivity (benzene free)

P-xylene selectivity during the TDP is calculated as concentration of p-xylene divided by the sum of

the concentrations of all xylene isomers in the product, i.e. on a benzene-free basis.

[p — zylene]
_ 2.7
pS [p — zylene] + [m — xylene] + [0 — zylene] @7)

2.4.6 Selectivity

The selectivity of the desired product i of a reaction is defined as:

g = [Im'OdUCt desireé] (2 8)
Z[pmduct}

1

2.4.7 p-Xylene yield

The p-xylene yields are calculated as the product of the conversion of toluene, X, and the selectivity

for p-xylene, S, i.e. on a benzene free basis and in mol-%.

Y=SxX (2.9)
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TEOS joeq during:
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TEOS = TEOS g - Deposition - Flushing - Heating
Conversion

Figure 2.3: Hlustration of the calculation of the integral TEOS conversion from a breakthrough curve.

2.4.8 Integral TEOS conversion for CVD treatment

The concentration of TEOS in the carrier gas stream was confirmed by analysing bypass samples
before the deposition step. The saturated TEOS vapour was fed into the reactor for 60 min. TEOS
was recovered during the deposition, flushing and heating step. Samples were taken every 5 min.
The amount of recovered TEOS was determined by integrating the area below the breakthrough
curve. With the known concentration of TEOS in the feed and the amount of recovered TEOS, the
integral TEOS conversion for CVD treatment was calculated. The calculation of the integral TEOS

conversion from a breakthrough curve is illustrated in Figure 3.27.

T TEOS recovered
X TEOS, integral — (1 B - ) X 100% (210)
N TEOS bypass X 60 min

2.4.9 Silica loading on the external surface

The degree of deposition can be expressed as silicon-oxide- or silicon-density on the external surface
(Niwa et al., 1984a), assuming that each converted TEOS molecule is deposited as Si0y. The external
surface area was measured by nitrogen-BET-adsorption area. A sample calculation can be found in

section F.5.

amount of converted TEOS
external surface area of catalyst

Sifrm? = (2.11)

2.4.10 Silicon density from the TEOS monolayer

The molecular diameter of TEOS was assumed to be 0.96 nm (Yue et al., 1997). Thus the number

of TEOS molecules adsorbed on a monolayer on the external surface of the catalyst is:

external surface area of catalyst
NTEOS on monolayer = 73 (2]2)
T 24505
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Furthermore, each adsorbed TEOS molecule deposits as SiOg on the surface. Thus, the silicon density

upon adsorption of a TEOS monolayer is:

NTEQS in monolayer (2 13)

Si/nm?® =
/P from TEOS manolayer external surface area of catalyst

2.4.11 Integral carbon balance for CVD treatment

Integration of the total peak areas of the samples taken during a CVD treatment produced the
mass of carbon leaving the reactor. The ratio of the carbon mass leaving to the carbon mass feed,

represents the integral carbon balance for a CVD treatment.

C = balance imiegran = o TEETE s 100% (2.14)
C pypass X 60min

2.4.12 PFirst order rate constant

Apparent first order rate constants at reaction temperature and pressure in a plug flow reactor were
determined, assuming the reactions to occur in a constant density system and reactants obey the

ideal gas law.

Meat P

k= n(l - X) (2.15)

2.4.13 Normalised first order rate constant

In order to highlight the changes in the first order rate constant and to compare the individual
modification series, the actual first order rate constants after the modification were normalised by
the first order rate constant of the respective parent sample. Thus, the normalised first order rate

constant was obtained:

k modified
k normatised = ﬁ%’c:;ff_?f (216}
unmodi fie

2.4.14 BReaction rates

First order reaction rates, r, were calculated using the first order reaction rate constant k& and the

concentration of the feed at reactor conditions, C.
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r=kC (2.17)

2.4.15 FError in conversion data

For the calculation of the fractional conversions from the reaction data, samples taken between 25
min and 65 min time on stream were averaged. The standard deviation over the average, F, of the

number of samples, n, is taken as the error in measurement:

o= ! > (wi—z)? (2.18)
g==l

7 - 1

It indicates the expected deviation from the mean value in the confidence interval of 68.3%.

2.4.16 Weight hourly space velocity

The mass flow of feed per mass of catalyst and hour is defined as weight hourly space velocity:

WHSY = [tfed (2.19)
m cat

2.4.17 Time on stream

The moment, when the reactor was switched in line, is defined as zero time on stream, thus including
the dead time. Reaction data for the cracking of 1,3,5-TiPB and TDP were evaluated when the
system reached pseudo steady state (after 25 min). Thus, the dead time of the reactor does not
affect the data.

2.4.18 Modified space time

The modified space time is defined as:

1
= WHST (2.20)
2.4.19 Linear velocity
The gas velocity at reaction conditions in an empty reactor is defined as the linear velocity:
votal 2T
= Tiotal (2.21)

2 2
Preactor W(d reactor d thermawell)
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2.4.20 Film diffusion

Mass transfer through the stagnant film around a catalyst particle can become the reaction limiting
step at low linear velocities and high reaction rates. For the same experimental apparatus and similar
particle sizes, Roger (Roger, 1998; Roger et al., 1998b) has shown that film diffusion limitation was
negligible for the transformation of 1,2 4-trimethylbenzene (TMB) over ZSM-5 at 450°C. The minimal
linear gas velocity and the maximal reaction rate of TMB was 0.2 cm/s and 2.95 x 102 mol/(kg s},

respectively.

Since in this kinetic study at 550°C the minimal linear velocity was higher (0.71 cm/s} and the

reaction rate for TDP was lower (3.79 x 107% mol/(kg s)), film diffusion limitations will not occur.

2.4.21 Plug flow

Réger (Roger, 1998) has shown that for linear velocities between 0.2 and 3.6 cm/s both criteria for

plug flow

dp

et > 15 2.22
-{Dreactor ( )
(Chu and Ng, 1989) and axial dispersion
L 20n 1
. s | .
4~ Pe, "T-X (2.23)

{Moulijn et al., 1991) up to X=0.9 are fulfilled.

In this study the linear velocities varied between 0.71 and 10 em/s and the conversions were generally

below 0.9, It can be thus concluded that the experiments were carried out at plug flow conditions.

2.4.22 Reactor dead time

The lowest linear flow rate of 10 ml/min was used in the reaction temperature study of TDP over
pelletised samples. The maximum residence time at standard (1 bar, 25°C) and reaction conditions
(1,5 bar, 550°C) is thus 42 and 1.3 s, respectively. Sampling was thus not affected by the reactor
dead time.
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Chapter 3

Results

3.1 Product Analysis during TEOS deposition

The Deposition of TEOS was monitored by following the breakthrough of TEOS and its decompo-
sition products, ethanol and ethene, in the reactor effluent using GC analysis. Figure D.1 shows the

complete GC trace of a modification step at 200°C.,

Ethanol and ethene are the main decomposition products of TEOS in the investigated temperature
range. Compounds which were not retained in the 25 m BP20-column were analysed separately in
a cryogenic GC equipped with a 50 m PONA-1 column. GC operation conditions and GC-traces
of gas samples, taken during deposition and heating step, are both given in Table D.3 and Figure
D.4. Ethene was the biggest contributor to the peak area of unretained compounds during the de-
position at 200°C. During the heating step (at approximately 250°C) methane, ethane, diethylether,
dimethylether and short hydrocarbons were observed. However, the quantities of these compounds
were small compared to the ethene peak area. Thus, only ethene was considered in further quanti-

tative analysis and the peaks of the unretained compounds are referred to as ethene.

3.1.1 TEOS breakthrough

Figure 3.1 shows representative breakthrough curves of TEOS during the deposition, flushing and
heating step of a modification treatment at 50°C and 400°C. The breakthrough curves for all other

temperature series are given in Figure B.1.

37
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Figure 3.1: TEOS breakthrough curves on powder at Toyp=50 and 400°C {last CVD treatments of the
series, cycle 12 and 20, respectively).

100 120

3.1.2 Ethene and ethanol

Ethene

The CVD treatment can be subdivided into two distinet sections. The first part is the actual
deposition of TEOS at constant temperature and lasted 60 min. During the second part, no TEOS
is fed and pure carrier gas flows through the reactor, viz. the flushing and heating step. The
concentrations of the ethene and ethanol which were detected during these two steps varied with

changing deposition temperature.

Figure B.2 shows the ethene concentration curve during the modification between 50 and 400°C. No
ethene is observed during the deposition and flushing step at low modification temperatures. High
ethene concentrations are observed during the heating of the reactor to the final calcination temper-
ature. At high meodification temperatures, ethene is observed from the beginning of the deposition.
The subsequent flushing and heating step shows only small amounts of ethene. The maximum con-
centration was found during the heating step, when the reactor was ramped to approximately 250°C
(95 min). A second, lower maximum was seen at the reactor temperature of approximately 400°C
(110 min). ‘
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Fthanol

The reverse behavior as for ethene, was observed for the formation of ethanol and is shown in Figure
B.3. Modification at low temperatures leads to an increased ethanol concentration in the beginning of
the deposition. Large amounts of ethanol are observed during the temperature ramp. The deposition
at high temperatures results in the continuous formation of ethanol. Comparably less ethanol is found
in the reactor effluent during flushing and heating steps. The maximum concentration was found

during the temperature ramp when the reactor reached 200°C' (90 min).

3.2 Integral TEOS conversion

The area below the concentration curve was integrated and the amount of recovered TEOS was
determined, as shown in Figure 3.2. The difference of feed and recovered amount of TEOS was
assumed to be deposited onto the zeolite and the reactor packing (see also Appendix F.4). With
the known concentration of TEOS in the feed stream and the recovered fraction the integral TEOS

conversion for the entire deposition, flushing and heating sequence was calculated.

Deposition Flushin Heating
1 LEOS feed \
T ¥ ] e Fom v s o oo s v w6 oo+ o 0 { oy .. ....... i
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Figure 3.2: Hlustration of the calculation of the integral TEOS conversion from a breakthrough curve at
Teyp=50°C {20th CVD treatment).

Figures 3.3 and 3.4 show the integral TEOS conversion per modification cycle at the various modifi-
cation temperatures for the catalyst in powder and pellet form, respectively. During the modification
at low temperatures, viz. 50, 100, 150 and 200°C, similar quantities are deposited for each cycle.
Increasing the deposition temperature to 300 and 400°C results in larger amounts of TEOS being
deposited on the catalyst. For the 300°C series, the amount of deposited TEOS decreases with re-
peated modification and levels out at a similar plateau as it was observed for the low temperature

modifications. Deposition at 400°C results in the complete conversion of TEOS during the first
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Figure 3.4: Integral TEOS conversions on pellets.
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two cycles. Thereafter the conversion decreases, tending to a steady value. The higher value for
the steady state conversion implies that in addition to the surface reaction, homogeneous gas phase
reactionn of TEOS occurred at 400°C.

The modification of pellets at 100 and 200°C followed the same trends as for powder. As will be
shown in section 4.2.2, the deposition at 200°C resulted in a severe loss of activity for TDP and was

thus terminated after 6 modification cycles.

3.3 Amount of deposited Silica on external surface

Equation 2.11 was used to calculate the deposited silicon concentration on the external surface.
Figures 3.5 and 3.6 show that summation of the deposited amounts per modification treatment

increases steadily with increasing number of cycles.
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Figure 3.5: Cumulative amount of deposited silica on powder.

An almost linear relationship is seen for modification temperatures below and at 200°C. At higher
temperatures, a steep increase of deposited silica is observed for the initial cycles. However, the
slope decreases after 5-10 cycles, but still remains steeper than that at the lower temperature with
an approximately linear relationship. Figure 3.6 shows that the modification of pellets at 100°C
resulted in the same increase of deposited silica as for powder. For pellets which were modified at

200°C, higher amounts of deposited silica were obtained.
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Figure 3.6: Cumulative amount of deposited silica on pellets.

3.4 Activity of the external surface - Cracking of 1,3,5-TiPB

The effect of silica deposition on the catalytic activity of the external surface was monitored by the

cracking of 1,3,5-triisopropylbenzene (1,3,5-TiPB).

Figure 3.7 shows the results of a representative 1,3,5-TiPB-cracking run which lasted 65 min. The
conversion levelled off after 25 min. The conversions of the samples taken between 25 and 65 min
are averaged and given as the steady state activity of the external surface. The standard deviation
is used as a measure of the error in the data. Carbon balances, determined for the powder samples,
were usually between 95 and 105%. A representative GC-trace for a complete 1,3,5-TiPB-cracking

run can be found in Figure D.2 in the Appendix.

The number of CVD cycles which were required for the inertisation of the external surface of the

catalyst, are summarised in Table 3.1,

Figures 3.8 and 3.9 show the decrease in cracking conversion with increasing silica deposition. The
modification at temperatures below 400°C lead to the similar results. The relative conversion over
the catalyst drops to below 10% of the parent sample after approximately 10 to 15 Si/nm? were
deposited on the external surface. For the powder sample which was modified at 400°C, around 30

to 40 Si/nm? had to be deposited before the conversion is reduced by 90%.

Less eycles are needed with increasing CVD temperature to achieve the same degree of deposition,

viz. Si/nm?, and surface inertisation, as is shown in Figure 3.10.
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Figure 3.7: Cracking of 1,3,5-TiPB over the parent sample of the 50°C-powder series (Xp;p p{average between
25 and 65 min)=70.4%, 0=0.79, carbon-balance=98%, ¢=0.79, reaction conditions given in Table
2.3},

Table 3.1: Numbers of cycles required to inhibit 1,3,5-TiPB-cracking

Series number of 1,3,5-TiPB conversion deposited silica number of
(Treos) cycles silica layers
°C %o Si/nm?®
powder
50 6 <7 8.9 1
100 7 <7 12.5 14
150 3 < 6 4.7 0.5
200 2 <4 5.7 0.6
300 2 < 6 12.7 1.4
400 3 <5 32.6 3.7
pellets
Pel00 7 <6 14.0 1.6
Pe200 2 <3 9.8 1.1
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Figure 3.8: Inhibition of 1,3,5-TiPB-cracking over powder with increased silica deposition {common trend
line shown for the 50, 100, 150, 200 and 300°C-series).
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Figure 3.9: Inhibition of 1,3,5-TiPB-cracking over pellets with increased silica deposition (common trend line
for the 100 and 200°C-series).
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3.5 Disproportionation of toluene

3.5.1 Unmodified catalyst

For both powder and pellets the parent samples were tested for the catalytic performance.

Conversion versus time
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Figure 3.11: Effect of reaction temperature (450, 500 and 550°C), time on stream and WHSV on conver-
sion and para-selectivity during toluene disproportionation over unmodified powder (reaction
conditions and data given in Table G.13).

In order to elucidate the time on stream behaviour of the powder and pellets, the disproportionation
of toluene was carried out for 200 and 185 min, respectively (see Figures 3.11 and 3.12}. The catalyst

did not show signs of significant deactivation during the period on stream.
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Figure 3.12: Effect of time on stream and WHSV on conversion and para-selectivity during toluene dis-

proportionation over unmodified pellets at 450° (reaction conditions and data given in Table
G.14).

3.5.2 Effect of WHSV on selectivity

The effect of the conversion level on the shape selectivity was examined by altering the WHSV
during the reaction. Figures 3.11 and 3.12 show that the thermodynamic equilibrium composition

was obtained at all conversion levels over the unmodified powder and pellet samples.

3.5.3 Improvements in shape selectivity

Improvements in shape selective performance of the catalyst was observed during the disproportiona-
tion of toluene (TDP). A representative TDP run is shown in Figure 3.13. The run lasted 65 min and
the conversion reached steady state after 25 to 35 min. Light hydrocarbons, benzene, diehtylbenzene
and xylene-isomers were the main product of the disproportionation reaction. Trimethylbenzenes
were found only in trace amounts and were thus neglected in further quantitative analysis. A sample
GC-chromatogram of a complete TDP run can be found in Figure D.3. Detailed analysis revealed
that the fraction of the light hydrocarbons consisted of methane, ethene, ethane, propene and propane

(see Figure D.5). Ethane however, was the main product within the light hydrocarbons.

The carbon balances were stable and showed no significant loss of carbonaceous material due to
coking. Thus, the conversion was caleulated from the concentrations of the reactor effluents only,
assuming 100% carbon balance. The steady state activity of the catalyst is given as the average
conversion of the samples taken between 25 and 65 min. It should be noted that the p-xylene

selectivity is calculated on a benzene-free basis.
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Figure 3.13: Disproportionation of toluene over the unmodified sample of the 50°C-powder series
{Xrotuene (average between 25 and 65 min)=8.26%, o= 0.36, carbon-balance== 100.71%, ¢=2.59,
reaction conditions given in Table 2.3).

The changes in xylene selectivity for powder and pellets are depicted in Figures 4.7 and 4.8, respec-
tively. Modification of the powder samples at increased temperatures resulted in faster and steeper
changes of the p-xylene selectivity with number of cycles. For the modification of pellets only the
at 100°C modified series shows improved para-selectivity. As pointed out earlier, the deposition at
200°C imposed a severe loss of activity for TDP on the catalyst and the series was terminated before

changes in shape selectivity were observed.

Figures 3.14 and 3.15 present the p-xylene selectivities as a function of the deposited silica. The
curves for the at 50, 100, 150, 200 and 300°C modified powders are almost identical. 10 Si/nm? had

to be deposited in order to notice changes in shape selective behaviour for the powder samples.

In the case of the 400°C modified series, high para-selectivity was achieved at very high silica loadings.

Also, this curve rises more slowly than the other series.

The increase in the para-selectivity for the 100°C-pellet series occurs after 20 Si/nm? is deposited
onto the external surface. However, shape and maximum of this curve compares well with the powder
samples modified below and at 300°C. No improvements of para-selectivity were found during the
six modification treatments of the 200°C-pellet series, because the catalyst was already completely

deactivated in contrast to the 100°C series.
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Figure 3.14: Changes in p-xylene selectivity with increasing silica deposition on powder.
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3.5.4 Benzene to Xylene Ratio

The benzene/xylene ratios for the respective TDP runs were calculated and are depicted in Figures
3.16 and 3.17. This ratio serves as a measure to quantify possible dealkylation side reactions which
result in an increased amount of benzene which is likely to occur at elevated temperatures (Bhaskar
and Do, 1990; Uguina et al., 1991, 1993). A ratio of unity is expected since two toluene molecules
disproportionate to form one benzene and one xylene molecule. These results show that a rapid
increase in the benzene/xylene ratio occurs in the low CVD temperature data at high silica loadings.

In contrast, for the high CVD temperature data the ratio remains closer to unity.
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Figure 3.16: Benzene/xylene ratios of the products of TDP over powder (reaction conditions given in Table
2.3).
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Figure 3.17: Benzene/xylene ratios of the products of TDP over pelletised samples (reaction conditions given
in Table 2.4).

3.5.5 Toluene conversion

Disproportionation of toluene occurs on both the external and internal surface of the catalyst. Thus,
as long the external surface is not fully deactivated, TDP serves as a test reaction for the overall
catalyst activity. Once the external surface is passivated, as shown by the inhibition of the 1,3,5-

TiPB-cracking reaction, only the internal activity contributes to the conversion of toluene.

Figures 3.18 and 3.19 show the changes in the relative conversion of toluene for powder and pellets,
respectively. The toluene conversions are normalised against the respective conversion over the
unmodified parent sample of each series. It should be noted that the WHSV and the reaction
temperature for the powder and pellets Sampie differed from 1.72 to 0.15 gyc/h gear and 550°C to
450°C, respectively.

Data points which were badly affected by experimental error due to leakages in the reactor system

were not considered for further analysis.

The experimental data for TDP are given in Tables G.2 to G.10.
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Figure 3.18: Decrease in relative conversion during TDP with increasing silica deposition on powder. Data
which was badly effected by experimental error (encircled), was not used for further calculation
and discussion.
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Figure 3.19: Decrease in relative conversion during TDP with increasing silica deposition on pellets, Data
which was badly effected by experimental error {encircled), was not used for further calculation
and discussion.
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Figure 3.20: Changes in para-selectivity during TDP at 550°C by changing WHSV over nnmodified and
modified (15 cycles at 150°C) powder (reaction conditions given in Table G.13).

Powder

It can be seen that modification at 50 and 100°C resulted in the loss of around 50% of the conversion
after which a plateaux is obtained. Increasing the deposition temperature leads to increased reduction
in conversion. The formation of a steady conversion level at around 20% of the unmodified sample
can be seen for the 1530 and 200°C series. After repeated modification at 300 and 400°C no steady
conversion level is achieved and continuous decrease in conversion leading to total deactivation of the

catalyst can be ohserved.

Pellets

Silica deposition at 100°C on the pellet sample leads to an initial loss of conversion of around 20%. A
slow decline to the conversion level of around 75% is observed when the deposition of silica is increased
from 20 to 30 Si/nm?. Further deposition causes a rapid decay of the conversion to around 20% of
the parent sample. After reaching this low conversion level, investigation of this temperature series
was terminated. The modification of pellets at 200°C almost duplicates the decrease in conversion

of the powder samples, treated at the same CVD temperature.
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Figure 3.21: Changes in para-selectivity during TDP at 450°C by changing WHSV over unmodified and
modified (20 cycles at 100°C) pellets (reaction conditions given in Table G.13).

3.5.6 Effect of space velocity on para-selectivity during TDP

Figures 3.20 and 3.21 show the effects of variation of the WHSV on the para-selective performance

during TDP over unmodified and modified powder and pellets, respectively.

In order to alter the WHSYV, the linear flow rate and the catalyst mass was varied for TDP at 550°C
over the powder samples. The linear flow rate was varied between 14 and 127 ml/min. The catalyst
mass of the unmodified samples was reduced from 0.5 to 0.1 g. The reaction conditions are given in
(.13 and the results for the unmodified and modified samples are shown in Figures 3.11 and 3.22,

respectively.

For TDP at 450°C over the pelletised samples, the WHSV was altered by changing the linear flow
rate only. The results for the pelletised sample are shown in Figure 3.23 and the reaction conditions
are given in Table G.13. These figures show that the unmodified sample is not influenced by changing
WHSYV and the products remain close to the equilibrium composition. In contrast, the CVD modified

samples show a significant increase in selectivity with decreasing conversion.
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Figure 3.22: Effect of reaction temperature {450, 500 and 550°C and WHSYV on conversion and para-
selectivity during toluene disproportionation over modified powder (15 CVD cycles at 150°C;
reaction conditions given in Table G.13).
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Figure 3.23: Effect of time on stream and WHSV on conversion and para-selectivity during toluene dispro-
portionation over modified pellets (20 CVD cycles at 100°C, reaction conditions and data given
in Table G.14).
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3.6 Long time runs

3.6.1 1,3,5-TiPB-cracking

The cracking of 1,3,5-TiPB over unmodified pellets was carried out for 305 min at 210°C. Figure
3.24 shows that the carbon balance and conversion reach approximately 95 % and 96 % after 300
min, respectively. The relative deviation of the conversion during the period of 25 to 65 min time on
stream is below 1.5 %, while the carbon balance improves by approximately 2 % (Table G.12). The
average conversion data in this period is taken as steady state value and deactivation of the catalyst

was not further considered.
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Figure 3.24: Long time behaviour and reproducibility of 1,3,5-TiPB-cracking over unmodified pellets at
210°C. {Reaction conditions given in Table 2.4.)

3.6.2 Disproportionation of toluene

The loss of conversion that was measured during the first run remains below 2.5 % over the period
from 5 to 185 min. The average deviation of the para-selectivity during both runs is below 1%.

Deactivation of the catalyst for TDP is thus considered insignificant.
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Figure 3.25: Long time run and reproducibility of the disproportionation of toluene over unmodified pellets
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3.7 Reproducibility

3.7.1 TEOS deposition

The deposition of TEOS on sand was carried in two and three subsequent cycles at 50 and 400°C,
respectively. The corresponding concentration curves are shown in Figure 3.26. The standard devi-
ation are 0.2 and 0.6 respectively which results to an relative error of below 5 and 8%, respectively
(see Table F.2).
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Figure 3.26: CVD on sand

3.7.2 1,3,5-TiPB-cracking

The repetition of the cracking of 1,3,5-TiPB over unmodified pellets is shown in Figure 3.24. The
relative deviation of the conversion data and the carbon balance is smaller than 5 % (Table G.12)

and shows good reproducibility.

3.7.3 Disproportionation of toluene

The disproportionation of toluene was repeated over the unmodified pellet sample at 450°C and is

shown in Figure 3.25. The reaction data is given in Table (G.14. The conversion data of the two runs

shows a maximum relative deviation of below 8% between 5 and 75 min on stream.
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3.8 Repeatability

3.8.1 CVD of TEOS

The 100°C-powder and 200°C-pellet series were repeated with 6 and 4 cycles, respectively. The
respective data is given in Tables G.3 and G4 for the powder and in Tables G.10 and G.11 for the
pellets (Appendix G). Figure 3.27 shows that the curves for both series exhibit identical trends and
only deviate slightly in the amounts of deposited silica. This error is attributed to the difficulties in
identically repacking the reactor due to the particle size distribution of the powder and pellets which

were loaded into the reactor.
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Figure 3.27: Repeatability of CVD on ZSM-5.

3.8.2 1,3,5-TiPB-cracking and TDP

In order to establish the repeatability of the catalytic reaction work over the powder and pellet
samples, the 1,3,5-TiPB-cracking and TDP data over the unmodified samples is compared. Table
(.17 in Appendix G shows that the conversion data could be repeated with less than 9 % relative

difference.



Chapter 4

Discussion

4.1 Deposition of silica

4.1.1 Breakthrough curve analysis

The TEOS breakthrough curves in Figures B.1 and B.4 differ greatly with changing CVD temperature
and number of cycles. The reaction during the deposition step reaches ”saturation” at 50, 100,
150 and 200°C after 1-2 cycles, as at this point no conversion of TEOS takes place. At higher
temperatures, a steady conversion of TEOS is achieved as a function of time, particularly during the

initial cycles.

Low temperature

The curves at 50-150°C in Figure B.4 show that breakthrough of TEOS occurs earlier as the depo-
sition temperature is increased; indicating that the adsorption capacity of the zeolite is reduced. At
200°C, high TEOS concentrations during the deposition continue to be observed after 10-15 min,
with the exception of the first cycle. Furthermore, desorption of TEOS does not occur during the
flushing and heating step. This suggests that physisorption of TEOS at temperatures higher than

200°C does not contribute to the deposition of silica.

High temperature

At 300 and 400°C, conversion during TEOS deposition is seen to decrease with increasing number of
CVD cycles, indicating that the surface is being deactivated and/or the deposition is non-uniform,
leaving less active zeolite after each cycle. This observation was also reported by Hibino et al. (1988),
Weber et al. (1998) and Shaikh et al. (1999).

61
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TEOS conversion

The absence of desorption of TEOS in the flushing and heating step at high CVD temperatures implies
that TEOS is continuously converted during the deposition step. This clear distinction cannot be
made for the lower CVD temperatures, viz. 50-150°C. If only adsorption occurred at low temperature,
the heating step is of crucial importance to facilitate the surface reaction of TEOS. Therefore, at
low temperatures the surface becomes uniformly saturated, leading to a uniform deposition of silica

upon heating.

4.1.2 Integral conversion

Low temperature

The integral TEOS conversion {equation 2.10) was constant at 15% for low temperature CVD between
50-150°C (Figures 3.3 and 3.4). This implies that the same amount of TEOS reacted on the catalyst,
regardless of changing adsorption capacities and activities with temperature between 50 and 150°C.
This suggests that the reaction of TEOS is limited by the surface properties of the catalyst. The
reaction occurring during the deposition step becomes inhibited by the "adsorption” of products.
Removal of the adsorbed products and regeneration of the surface, i.e. calcination, is a necessary
step to facilitate deposition. However, slightly higher amounts of TEOS were converted on the fresh
catalyst, viz. during the first cycle of each series. The occurrence of a "saturation effect” at low
temperature was frequently reported in literature for both, the breakthrough of the modifier and the
weight gain during deposition (Niwa et al., 1984a; Wang et al., 1988; Hibino et al., 1988; Chun et al.,
1994; Fei et al., 1995; Weber et al., 1998).

High temperature

Higher integral conversions for deposition at 200, 300 and 400°C depend on the number of CVD
cycles. The highest conversions are obtained on the fresh catalyst. The integral conversion for the

200- and 300°C series approach the same steady value, found for the low CVD temperatures.

On the contrary, the integral conversion at Ty p=400°C remained at 25% after 11 cycles. In
this case only 12 CVD cycles were carried out, due to rapid catalyst deactivation, and no clear
indication of the final conversion was possible. Wang et al. (1988) and Weber et al. (1998) reported
that TEOS was converted on Kieselguhr and silica at 320 and 400°C, respectively. Nevertheless,
TEOS undergoes not only surface reaction at this temperature but is also converted by homogeneous
gas phase reactions like decomposition, condensation/polymerisation (Niwa et al., 1988; Bhat and
Halgeri, 1993; Herzler et al., 1997; Jurgens-Kowal and Rogers, 1998). Thus, the levelling off at higher

conversions is expected and also suggested by the data.
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Reactivity of silica for TEOS deposition

A complete silica coating is expected after extended modification. The existence of a steady integral
conversion after 15 cycles at all CVD temperatures below 400°C shows that TEOS deposited on
silica. However, the desorption of TEOS ceased at 150°C and reaction at lower CVD temperatures

might have occurred only during the heating step.

Integral conversion and TEOS monolayer

If only one TEOS monolayer is adsorbed on the external surface, the integral conversion of 12 and
11.5% (at the WHSV used in this study) would be observed for powder and pellets, respectively . It
has to be noted, that these limiting values do not depend on the concentration of TEOS in the feed

stream but on the total amount which is fed through the reactor.

The number of exposed T-atoms per area that have a charge imbalance, and are thus potential
attachment sites on the idealised ZSM-5 crystal, is 8.9 Si/nm? (Niwa et al., 1986b)). The adsorption
of one TEOS monolayer is equivalent to the silicon concentration of 1.39 Si/nm? (see section 2.4.10).
Thus, the successive adsorption and decomposition of 6-7 TEOS monolayers achieves the silicon
density of 8.9 Si/nm? and one theoretical monolayer of silica is formed. In other words, the coverage
of all possible attachment sites is completed in 6-7 cycles. The integral conversion of around 15%
{which marks the steady plateau for the CVD treatments below 400°C) implies that the equivalent

amount of one TEOS monolayer has reacted per CVD cycle.

4.1.3 Reaction scheme

In this section a reaction pathway for TEOS conversion on ZSM-5 a both high and low deposition

temperature is developed.

The higher integral TEOS conversions on the fresh catalyst shows that acid sites influence the surface
reaction. The dependence of the amount of deposited silica on the acidity of the catalyst has also
been documented by Wang et al. (1988}, Chu et al. (1989) and Weber et al. (1998).

This section will firstly discuss deposition on a SiQg surface, followed by the influence of the acid

sites.
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Reaction of TEOS with ZSM-5
Deposition at 50°C

For CVD at 50°C no ethanol and ethene is detected during the deposition step and a large desorption
of TEOS was observed during the heating step. Large amounts of ethanol, formed during the heating
step around 200°C, implies that the surface reaction only occurs during the heating of the reactor.
Thus, it is concluded that TEOS does not easily react with the surface at 50°C.

Chun et al. (1994) reported that TEOS did not readily react with zeolite H-§ at room temperature.
Weber et al. (1998) however reported that longtime exposure (40 h) to TEOS at 50°C and the
subsequent calcination at 500°C lead to the increased pore blockage of ZSM-5 (as measured by n-
hexane adsorption) which implies that the surface reaction had taken place, although at an extremely

slow rate,

Surface reaction between 50 and 100°C

No significant desorption of TEOS was observed above 100°C during the heating and/or flushing
steps. The integral conversion indicates that surface reaction of TEOS must have taken place. This
is also shown by the presence of ethanol. It has been shown that the first reaction step of TEOS
with the surface involves the formation of tri- or diethoxy species on the surface and the generation

of ethanol (Crowell et al., 1990; Spitzmiiller et al., 1998).

Product inhibition

The reaction of one TEOS monolayer approximately represents the formation of tri- or diethoxy
species on the surface. This implies that these species are unreactive for further TEOS deposition.
The reaction with the surface thus becomes product inhibited and ceases after all " adsorption” sites

have reacted, i.e. = 81— O — Z = or = 5i —~0 — Z =) species are formed on the surface.

Ethoxy-decomposition and ethanol-dehydration

The largest formation of ethanol and ethene was observed during the heating step, when the reactor
reached around 200 and 250°C, respectively. Since TEOS desorption was not observed during the
heating step of the 150°C series, the large ethanol and ethene formation cannot be attributed to
TEOS reaction with the surface. Hence, it must have originated from the decomposition of the
surface-ethoxy species. Ethene is expected as the product of ethanol-dehydration (Aronson et al.,
1986; Li-Feng et al., 1989; Weber et al., 1998; Lin and Ko, 2000} and indicates in-situ generation of
water. Water is known to decompose TEOS via hydrolysis (Bradley, 1989). Thus, ethoxy species are
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converted ("regenerated”) to silanol groups which are susceptible to TEOS adsorption and reaction.
The presence of water catalyses the deposition reaction of TEOS (Niwa et al., 1988). Since all
un-reacted TEOS desorbs during the flushing step, the amount of deposition was limited by the

monolayer of surface-reacted TEOS, as indicated by the integral conversion of 15%.

Regeneration during deposition

At a CVD temperature of 300°C, the deposition, dehydration and regeneration reaction occurred
predominately during the deposition step, as the formation of ethanol and ethene is observed during
the deposition part. The approach to a limited integral conversion suggests that the acidity of the
CVD-derived surface is not sufficient to sustain the formation of water and thus the autocatalytic
deposition-regeneration reaction. It might be speculated that ethene which is found during the heat-
ing step at around 450°C, is attributed to the decomposition of isolated ethoxy species which were
not regenerated or to the removal of carbonaceous products. At a CVD temperature of 400°C, all re-
actions occur during the deposition step and ethene and ethanol are produced in high concentrations.
Weber et al. (1998) observed that ethene and water were formed in the initial period and thereafter
ethanol was the product when TEOS was deposited on Si05. The rapid reaction of TEOS with the
surface together with the gas phase reactions which are catalysed by the production of water, could
not have proceeded in a controlled manner. Weber et al. (1998) reported that CVD at 400°C resulted

in the non-uniform deposition of silica.

Surface reaction over fresh catalyst

Decreasing integral TEOS conversion was observed at high temperatures and for the first cycle at
low CVD temperatures. This decrease is attributed to removal of easily accessible acid sites of the
catalyst. At low temperatures, TEOS reacts selectively with the easily accessible acid sites and
physisorbs to the remaining surface. Thus, some ethanol might be formed which is adsorbed by the
catalyst. Ethanol dehydration over strong acid sites occurs readily above 170°C (Aronson et al.,
1986). Thus, the in-situ formation of water at very slow rates could be possible already at room
temperature. This water hydrolyses ethoxy species and facilitates further deposition during the first
cycle. Reaction of physisorbed TEOS with the surface occurs during the heating step, as shown by
the high ethanol and ethene concentrations. The removal of the easily accessible acid sites becomes
evident during the second deposition cycle, when lower integral conversions are observed, and by
the cracking of TiPB. The spatial requirements of TEOS are high and interaction with the surface
at low temperature is restricted to physisorption. Thus, the deposition of silica becomes limited
to the equivalent of one adsorbed TEOS monolayer and constant integral TEOS conversions are
obtained. Some ethanol and ethene is detected during the deposition at 50 and 100°C, however only
in trace amounts. It might be speculated that ethanol, diffusing into the crystal would either adsorb

or dehydrate over the strong acid sites in the channels. The in-situ generated water would in turn
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adsorb in the channels or diffuse into the bulk gas phase. When diffusing out, hydrolysis of adsorbed
ethoxy species on the external surface can occur. Thus, ethanol dehydration in the interior would
become a key reaction in controlling the degree of deposition by either long contact times or increased

reaction temperature.

At higher deposition temperatures, TEOS chemisorbs on the surface and larger amounts of ethanol
are formed during the deposition step. As the dehydration of ethancl proceeds more readily, higher
concentrations of water are generated in-situ and larger quantities desorb when the deposition tem-

perature increases. This results in enhanced deposition and higher integral TEOS conversions.

In the event of pore blocking, access to acid sites inside the crystal becomes restricted and the
dehydration reaction slows down as the number of CVD cycles increases. As the formation of water
decreases, the probability of in-situ regeneration of ethoxy groups diminishes and the possibility
of further TEOS deposition during the same cycles is reduced. Thus, when all strong and easily
accessible acid sites are blocked, TEOS reaction only occurs to the extent of the adsorbed monolayer

and the steady integral TEOS conversion is observed.

The cracking of 1,3,5-TiPB (Figure 4.3) showed that each CVD cycle and successive treatment has
a deactivating effect on the active sites on the surface. The silica layer either shields the particular
active site or prevents access to it. As result, the "weakening” of the acidity of the surface becomes
apparent in reduced 1,3,5-TiPB-cracking rates. With inereasing number of silica layers the shielding
effect increases and the acidity "becomes weaker”. Tsai and Wang (1991) concluded that as the
number of deposition layers on zeolite H-/ increased, the acidity of the skin layer became weaker,
resulting in decreasing deposition between 140-250°C. Hibino et al. (1988) reported that acidity of
ZSM-5 diminishes after 4 layers of silica from TMOS were formed on the external surface. The

weakest acidity is reached when essentially pure silica is present at the surface.

However, in the absence of accessible acid sites, the deposited amount per cycle is limited to the
reaction of the adsorbed monolayer and the integral conversion converges to a steady value. Further-
more, the fast and random deposition of silica in the first cycle may cause non-uniform deposition
and rapid pore blockage. The extent, to which chemisorption of TEOS and ethanol dehydration are

influenced when the acidity of the surface is altered by structural changes, remains unanswered.

Non-uniform deposition at 400°C

Complete TEOS conversion was observed during the first two cycles at a CVD temperature of
400°C. High temperature and the autocatalytic acceleration of the TEOS deposition by water lead
to extremely high reaction rates and rapid deposition. The deposition proceeds from the beginning
of the reactor bed, achieving 100% TEOS conversion before the exit of the bed is reached. Therefore,
the downstream section remains untreated in the first few cycles. As the initial section of the

bed deactivates, more TEOS can move through the bed and react over the active surface of the
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bed further downstream. Only during subsequent cycles is the acidity and hence, reactivity of the

complete reactor bed, reduced. Thus, the integral TEOS conversion decreases with number of cycles.

4.1.4 Development of a reaction pathway for TEOS conversion

This section will present the reaction pathway of TEOS over ZSM-5, based on the component analysis

of the deposition data and the above considerations.

The primary reactions of TEOS

The CVD of alkoxysilanes on zeolites has been focus in many studies. In particular Niwa et al.
(1988) have clarified the reaction mechanism of tetramethoxysilane (TMOS) with mordenite. Since
then, several authors have proposed (Chun et al., 1994) and extended possible reaction mechanisms
for the surface deposition of TEOS on acid zeolites (Roger, 1998). It is generally accepted that
hydroxyl groups are the attachment sites for the deposition of alkoxysilanes on acid zeolites (Niwa and
Murakami, 1989). The reaction of TEOS with the hydroxyls on the zeolite’s external surface leads to
the formation of tri- and diethoxy species and the liberation of ethanol (see scheme 4.1.1) and 2)). The
ethoxy species which are unreactive to TEOS can be thermally decomposed during a calcination step
and diethylether and ethene are produced. As a result, silanol groups appear (see scheme 4.1.3) and
4)). Regeneration of the surface is also possible via treatment with water vapour; hydrolysis of ethoxy
groups yields ethanol and simultaneously produces silanol groups (see scheme 4.1.5)). However, a
final calcination step needs to be performed to remove the adsorbed decomposition products (Hibino
et al., 1988). Exposure to higher temperatures leads to the dehydroxylation of silanol and yields
5i=0 groups (see scheme 4.1.9)). Weber et al. (1998) reported that thermal cracking of TEOS was
not observed at 500°C. From pyrolysis studies of TEOS however it is reported that decomposition
begins at around 450°C (Ivanov et al., 1985; Chu et al., 1991).

Side reactions

Several side reactions of the deposition byproducts in the presence of acidic ZSM-5 have to be
considered. Ethanol can dehydrate over the acid sites at temperatures below 180°C and the formation
of ethene, diethylether and water is observed (Aronson et al., 1986; Li-Feng et al., 1989; Weber et al.,
1998; Lin and Ko, 2000)(see scheme 4.1.10), 11}, 12)). Also, ethene is reported to oligomerise over
ZSM-5 to yield higher hydrocarbons at room temperature (van den Berg et al.,, 1983; Bessel and
Seddon, 1987) (see scheme 4.1.13)).
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Figure 4.1: (continued) Side reactions during the deposition of TEOS.

Reaction pathway based on component analysis

Based on the analysis of the compounds in the reactor effluent at the different CVD temperatures, the
following reaction steps can be distinguished for the deposition of TEOS on ZSM-5. TEOS surface
reaction takes place between 50 and 100°C. Decomposition of ethoxy species leads to the formation
of ethanol around 200°C. Dehydration of ethanol occurs around 250°C and results in the in-situ
generation of water and ethene. It may be speculated that isolated monoethoxysiloxane species
decompose thermally arcund 450°C. The sequence of the reactions with increased temperature is
illustrated in Figure 4.2. The analogy to the reaction mechanism of TMOS on zeolites, as proposed

by Niwa et al. (1988}, becomes apparent and is confirmed by the results in this study.

The degree of silica deposition at temperatures below 200°C and in absence of accessible acid sites
is limited to the reaction of the TEOS monolayer. The amount of accumulated silica in the initial
cycles, particularly at higher deposition temperatures, can be controlled by adjusting the contact
time with the modifying reagent when the conversion is differential, as reported by Wang et al.
(1988).

Critical reflection of component analysis during deposition

The analysis of the deposition products proved to be inaccurate in determining absolute amounts
of the unretained compounds, in particular ethene and diethylether. Hence, detailed analysis of
the carbon product in the reactor effluent was not possible. Also, water cannot be detected with a
FID, thus valuable information about reaction which are associated/accompanied by the formation of
water, is not available. Water can be detected with a thermal conductivity detector (TCD), however
unconverted TEOS from the deposition step could have deposited on the sensitive filaments of the
detector which would have resulted in the irreversible loss in sensitivity and the final destruction of

the instrument. Analysis of the reactor effluent with a TCD was thus not further considered.
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Figure 4.2: Reaction scheme in the investigated temperature range during the deposition of TEOS.

4.1.5 Closing remarks on TEOS deposition

The role of acidity

It is evident that the extent of deposition strongly depends on the acidity of the catalyst before
and during a deposition step. The strong and accessible acidity of the fresh catalyst is responsible
for higher amounts of deposition in the first cycle of each series. The interplay of weak remaining
acidity and low reactivity of TEOS at 50-200°C allows the deposition of equal amounts of TEOS
per cycle. With increasing temperature, side reactions of TEOS deposition become more likely.
However, inabsence of accessible acid sites, viz. over a CVD derived surface, high temperature CVD
obtains similar conversions as at low temperature. The findings by Weber et al. (1998) suggest that
the deposition reaction at 50°C occurs at very slow rates and leads to blockage of pores when the

catalyst is exposed to the modifier for long times, viz. 40 h.

Thus, it can be concluded that strong acidity and high temperatures are required for ethanol dehy-
dration and the in-situ generation of water. This and perhaps long contact times would facilitate the
deposition of larger amounts of TEOS on the surface. The deposition at low temperature occurs at
slow rates and with reactant inhibition, allowing to deposit silica selectively onto the external surface

and avoiding excessive blocking of pores when relatively short contact times are chosen.
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The role of water

The role of water in the deposition process cannot be decoupled from the acidity of the catalyst.
Strong acidity of the catalyst is responsible for in-situ water formation. Katada et al. (1994) have
suggested that contamination water is responsible for the closure of silanol-links and thus, for the
formation of a siloxane-network (see scheme 4.1). Additionally Jurgens and J.W. Rogers (1995)
reported that the formation of the silica-network on TiO9 using TEOS did not occur uniformly on
the surface. The closure of siloxane bridges across the pore reduces the accessibility of the zeolite.
Hibino et al. (1988} concluded that association of water vapour with the alkoxide TMOS is an effective
means to obtain a higher amount of deposited silica. It must however be speculated that the presence
of water would lead to the closure of the silica network and thus blocking of the pores. The goal
of CVD modification is to eliminate undesired acidity on the external surface, while retaining high
internal catalyst activity. Closed pore entrances mean the introduction of diffusional constraints into

the system, by extending the diffusion pathway for both reactant and product molecules.

The formation of in-situ generated water is hence the key parameter for the extent of pore blockage

that occurs during a CVD cycle.

Comparison of powder and pellets

The CVD of TEOS on pelletised samples lead to the same degree of deposition, as expressed in
Si/um? (see Figure 3.6). Slightly more silica was deposited during the first cycle on the pelletised
sample at 200°C than on the powder. While powder and pellets behaved similarly during the TEOS
deposition, the catalytic reactions showed significant differences. This will be shown in Sections 4.2
and 4.4.
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4.2 Deactivation

The response of 1,3,5-TiPB-cracking and TDP to surface modification was investigated at constant
reaction conditions. Therefore, the changes in conversion, activity and selectivity are related to

changes of the catalytic properties of the catalyst.

A reliable measure of the degree of modification

The cyclic CVD treatment results in the deposition of "inert” silica on the "active” zeolite surface.
Using the number of deposition cycles as a measure of the degree of modification can only be suc-
cessful, when each cycle deposits the same amount of silica on the external surface. This is however
not true, as seen in section 4.1. Thus, a more reliable measure of the degree of modification can be

obtained by using the amount of deposited silica, expressed as Si/nm? (see section 2.4.9).

Inertisation of the externally accessible acid sites

The 1,3,5-TiPB molecule is too bulky (molecular diameter 8.5 A(Hibino et al., 1993)) to enter the
channel structure of the zeolite and thus, cracking can only occur on the external surface of the
catalyst. The exact location of the external acid sites - on the external surface or in the secondary
layer of the pore opening - is still a controversial issue in present literature. Because the surface of
ZSM-5 is far from uniform (Weber et al., 2000) and not ideally smooth, 1,3,5-TiPB-cracking must be
considered as a probe reaction for the spatially unconstrained active sites. Once all external surface

activity is reduced to a minimum, the catalyst is regarded to be inertised.

4.2.1 External surface: 1,3,5-TiPB-cracking
Deposition at Toyvp = 50 to 200°C

The change of conversion with CVD can be related to the external surface acidity by the ratio of the
first order rate constants of the modified and the fresh sample, as shown in Figure 4.3. It can be seen
that CVD severely reduces the activity. However, the activity is not completely removed, with about
5% residual activity remaining. It has been observed that "inert” silica exhibits sufficient activity
to dehydrate tert-butylalcohols and isomerise 1-butene (Niwa et al., 1990), low cracking activity
for 1,3,5-TiPB (Roger et al., 1998a) and the reaction of trimethylaluminum (Bartram et al., 1991).
The higher the chosen deposition temperature, the faster the inhibition of 1,3,5-TiPB-cracking (see
Table 3.1). However, the amount of silica that was required for inertisation, ranged between 5 and
15 Si/nm? for both powder and pellets. This is 1-2 fold the amount of silica, needed to cover the

potential attachment sites on ZSM-5, as described in section 4.1.2. The value of one to two completed
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silica layers is in good agreement with the value reported by Hibino et al. (1988) for H-Mordenite,
modified with tetramethoxysilane (TMOS) at 320°C in a static system. It must be noted that the
same authors pointed out that for the deactivation of ZSM-5, more silica was required than for
mordenite (Hibino et al., 1993).

Deposition at Toyp= 300 and 400°C

More cycles were needed and more silica had to be deposited in order to depress the activity at 300
and 400°C (around 40 Si/nm? were required to achieve inertisation at 400°C). This is approximately
four times the amount of silica which is needed to cover the potential attachment sites for TEOS. The
high silica loading required, is an indication that the reactor bed is only partially deactivated. It also
implies that the deposition of the silica is non-selective and does not only occur on the external surface
acid sites. The non-homogeneous deposition of TEOS across the reactor bed is attributed to the too
high CVD temperature at which the rapid reaction, catalysed by water, consumes all the TEOS before
it can exit the reactor bed. Evidence for the non-uniform deposition of tetramethoxygermanium
(TMOGe) on mordenite at a high deposition temperature was reported by Niwa et al. (1986a). Roger
{1998) observed a higher degree of deactivation of the external surface when the CVD temperature
was increased form 50 to 450°C. He attributed his findings to either a higher amount of deposited

silica or to more uniform coating of the external surface at higher modification temperatures.

Selectivity of CVD at 30 to 200°C

In section 4.1 it was shown that 6-7 CVD cycles at low temperature are required to cover all potential
attachment sites on the external surface. The activity for the cracking of 1,3,5-TiPB was completely
reduced to residual activity after 6-7 cycles. Thus, the calculations are consistent with the experi-
mental data. Similarly, Roger (1998) had to apply 5 CVD cycles with TEOS at 100°C in order to
reduce the cracking activity of ZSM-5 by 98%.

Selectivity of CVD at 300 and 400°C

At high temperatures, more Si is needed to inertise the external surface, suggesting that either the
deposition was not selective to acid sites or there was a gradient across the bed. Therefore, the
deposition was non-uniform across the bed; consistent with the complete conversion observed in the

initial CVD cycles,

Hibino et al. (1993) reported that the external surface of ZSM-5 was inertised after four to five
complete layers of silica were deposited using TMOS at 320°C. This number corresponds to a silicon
density of 36-45 Si/nm? which is similar to the one that was required to inertise the powder at 400°C

in this present study (see Figure 3.8). It must be noted that the 400°C-powder series showed severe
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deactivation for TDP (see Figure 3.18). Furthermore, the severe deactivation suggests, that the
deposited layver was not selective to the acid sites and formed silica-networks on the surface causing

pore blockage. This non-uniform deposition was also reported by Weber et al. (1998).

4.2.2 QOverall: TDP

In contrast to 1,3,5-TiPB-cracking, TDP occurs on the external and internal surface and is thus a
sensitive test reaction for the deactivation of the entire catalytic system. In the case of the small
crystals used in this study, the contribution of the external surface is large. Hence, lower toluene
conversions due to both loss of external surface activity and accessibility to the pore system are
expected over the CVD modified samples, as compared to the fresh catalyst. The decay in relative
conversion during TDP as a function of silica loading, can be seen in Figures 3.18 and 3.19. Similar
results for TDP have been reported (Wang et al., 1989; Hibino et al., 1991; Das et al., 1994).

Relative activity at low CVD temperatures

Changes in relative activity for TDP are shown in Figure 4.4. From the 100°C-pellet series, it
becomes apparent that three distinct steps can be distinguished, describing the deactivation due to

site-selective CVD.
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(i) Initial loss of activity: external

There is a steep initial decline in the activity for samples modified at 50-200°C which is attributed
to the inertisation of the external surface. The findings correlate well with the results of 1,3,5-
TiPB-cracking, i.e 6-7 cycles are needed to eliminate external activity (Figure 4.5). The decreases in
activity for the 50-150°C-powder and 100°C-pellet series are in good agreement with BET-analysis
in which approximately 30% of the total surface area was attributed to external surface (see Table
2.2). Deposition at 200°C caused the activity to decrease to ca. 30% which indicates a change of

deposition mechanism similar to that found for 1,3,5-TiPB-cracking (section 4.2.1).

(ii) Formation of activity plateaw: intrinsic activity of the micro-pores

Deposition between 10-35 Si/nm? does not change the activity significantly and the formation of an
activity plateau can be seen in Figure 4.4. This plateau is attributed as the intrinsic activity of the
catalyst. This is particularly true for the 100°C-pellet series. At this point the extent of CVD has
eliminated the external acidity and has not limited the accessibility of the toluene into the pores.
Thus, the rate of reaction remains unaffected, provided the primary reaction steps are irreversible or

in this case, at low conversion. The impact on selectivity will be addressed in subsequent sections.

(iii) Total deactivation: restricted toluene accessibility to the micro-pores

Silica deposition exceeding 35 Si/nm?, resulted in the reduction of the observed internal activity. As
TEOS cannot modify the internal surface (Niwa et al.,, 1986b; Hibino et al., 1991; Kim et al., 1996;
Suzuki et al., 1998; Weber et al., 1998), the loss of activity must arise from the restricted access of
the reactant from the catalyst pores. Excessive deposition would lead to complete blocking of all

available pores, hence reducing activity.

Relative activity at high CVD temperatures

Severe deactivation without an activity plateau is observed with samples which have been treated
with CVD at 300 and 400°C. Changes in activity arise from reduced accessibility of toluene into the
catalyst pores. The TEOS deposition mechanism undergoes a change at high temperatures, leading
to pore blockage and non-uniform deposition. The 200°C series appears intermediate and marks the

turning point between blockage and selective external surface modification.

The 200°C-pellet series provides an interesting contrast to the powder sample. The powder sample
still shows good activity while the pellet sample is deactivated. This seems to suggest that the
deposition of TEOS has occurred at a different location in the pellet samples. It is possible that the

rapid deposition in the pellet sample would lead to the formation of a shell around the pellet and
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not the individual crystals. This would lead to complete and rapid blockage of the pellet and the
activity of many crystals would be eliminated with each cycle. This suggests that rapid deposition
of TEOS on pellets is diffusion limited in the macro-pores and occurs only on the outer shell. At low
deposition temperature, the reaction is slow enough not to be diffusion limited and hence, uniform

deposition is achieved on the crystal.

Effect of pore blocking on diffusivity and reaction rates (Theodorou and Wei, 1983)

As TEOS only deposits on the external surface, the model of pore blockage developed by Theodorou
and Wei (1983) (see Section 1.3.5) provides a qualitative description of the modification process that
is occurring, i.e. rapid direct deactivation of the external surface simultaneously with the slower

deactivation of the internal pore space via blocking.

In all cases the internal pore space is never modified. The change in accessibility to the pore space

may be viewed as a change in the effective diffusion coefficient of all species.

Conclusion

The observed decay in activity for TDP is attributed to the contribution of two simultaneously
occurring effects. Firstly, the elimination of the external activity. Both 1,3,5-TiPB-cracking and
TDP provide direct evidence for the deactivation of the external surface which occurs rapidly. This
process is complete after the deposition of one silica monolayer. Secondly, pore blocking, which
initially occurs much more slowly, becomes significant after excessive silica deposition, leading to

catalyst deactivation via a reduction of the effective diffusivity (i.e. accessibility to the pore space).
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4.3 Quantification of deactivation behaviour

The changes in activity for TDP in section 4.2.2 revealed that two processes have to be considered
when describing the deactivation behaviour of the entire catalyst. Firstly, deactivation of the external

surface and secondly, decreased accessibility to the micro-pores due to pore blocking.

4.3.1 External

On examining the changes of the relative first order rate constants for 1,3,5-TiPB-cracking in Figure
E.1, a logarithmic decay with increasing silica loading becomes apparent. This observation should
also apply to all other reactions on the external surface, viz. TDP and xylene-isomerisation, when first
order kinetics are assumed. The contribution of the internal reaction and the associated deactivation

complicate the separation of the external contribution from the overall activity.

The semi-logarithmic plot of k/k, versus the amount of deposited silica, n, shows the linear decrease
with the slope —0:
d (Ing)
—t =~ = (slope of plot) (4.1}
dn
where n denotes the amount of deposited silica on the external surface in Si/ nm? and k, is the

reaction rate constant of the unmodified sample.

Equation (4.1) may be integrated to yield:

— = o O<a<l, =-fG=lha (4.2)

This equation may be interpreted as representing an incremental decrease {«) of surface activity with
each layer of deposition, where n might be viewed as the number of cycles when constant amounts

of silica are deposited with each cycle.

In this case, n represents the amount of deposited silica and thus, changes in the relative reaction
rate constants are purely related to the degree of modification. In this case, large values of o show
poor deposition while low values show good deposition, i.e. a high coverage shows the efficient use

of the deposited silica.

Determination of o from 1,3,5-TiPB-cracking

The deactivation of the external surface is most accurately reflected by the inhibition of 1,3,5-TiPB-
cracking. The fitting with linear regression via least square error minimisation is shown in Figure 4.6
and the results are summarised in Table 4.1. Hibino et al. (1991) and Réger et al. (1998a) monitored
the CVD of alkoxysilanes with 1,3,5-TiPB-cracking and TDP and their published reaction data was

also evaluated.
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All deactivation constants for CVD treatments up to 300°C are within the range of expected error
and describe the activity data satisfactorily. Since o relates activity of the surface and silica loading,
the ineffective deposition at elevated CVD temperatures becomes apparent by an increase in o; it

serves as a measure for the uniformity and quality of the silica deposition.

The a-value determined for the data by Hibino et al. (1991} is higher than the one which is found
for the 400°C-powder series. CVD at 400°C showed least uniform deposition and the severest de-
activation of the catalyst. It appears that CVD at 320°C in the static system leads to non-uniform
deposition of silica on the catalyst. Rapid deposition and regeneration on the top layer of the catalyst
batch could have prevent TMOS from reaching the remaining active surface in the packing. Thus, a
surface barrier of silica could have formed on top of the catalyst packing which introduces diffusional
constraints on bulky and slow diffusing molecules, such as TMOS and o-xylene. This would have
resulted in slow uptake rates during sorption experiments while equilibrium amounts would not have
been affected (Hibino et al., 1991).

It becomes apparent that the effects of CVD, performed in different modification systems, viz. static

and flow, do not allow easy comparison (Weber et al., 2000; Weber, 1998).
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Table 4.1: Deactivation constants o for the respective temperature series for 1,3,5-TiPB-cracking.

CVD-series o R?
50 0.75 0.95
100 0.83 0.90
150 0.61 0.79
200 0.63 0.75
300 0.77 0.80
400 0,90 0.81
Pel00°C 0.76  0.96
Pe200°C 0.61 0.99
100°C (Roger, 1998) ¢ 0.57 0.99

320°C (Hibino et al., 1991) * 0.97 0.94

“TEOS in flow-through system; assuming the uniform
deposition of 1.39 Si/nm? per CVD cycle at 100°C).
"I'MOS modification in static vacuum system.
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4.3.2 Deactivation of effective internal crystal activity

The effect of pore blocking on a crystal structure was investigated by Theodorou and Wei (1983)(see
section 1.3.5). They developed a correlation between extent of pore blockage and dimensionless

effective diffusivities of reactants. Theodorou and Wei make use of the relative diffusivity decrease:

D D;
o = F(D—O D +1=1-F(z) (4.3)
with
F(z) = 0.00160 — 0.1280zy, + 2.079z7 — 3.078z; + 2.116z} (4.4)

and where z;, represents the extent of blockage between 0 and 1, D, = D - 7/I? is the dimensionless
effective diffusivity from random walk experiments without blockage (index o) and at full blockage
(index ¢; D; = 0).

The effectiveness factor, n, of a first order reaction in a spherical particle is given by:

3 1 1
R S 4.5
=3 [tanh F q)} (4.5)
where ® = L(k;so/D)!/?. By substituting equation 4.3 into equation 4.5 and assuming that blocking

> S'édeposiéed
Sineeded for complete blockage

is proportional to the amount of deposited silica, i.e. xy , the variation of

the effectiveness factor with silica deposition can be obtained.

A mathematical model which aims to describe the experimental results and serves to validate the

above discussion of the two deactivation processes, will be presented in section 4.6.
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4.4 Shape selectivity during TDP

4.4.1 Improvement of para-selectivity on a benzene free basis

The distribution of the xylene isomers during TDP illustrates that CVD at all temperatures gradually
improves the shape selective performance of the catalyst, even at low conversion. The unmodified
catalyst produces an equilibrium distribution at all levels of conversion. Figures 4.7 and 4.8 show
that between 2 and 5 cycles were required before the xylene isomer distribution shifted away from
equilibrium. Two criteria have to be met to enhance the para selectivity during TDP (Chen et al.,
1994); (i) Sustaining the formation of the para-xylene formed in the crystals and (ii) to reduce the

secondary isomerisation of para-xylene via 1,2-methyl-shift.

4.4.2 The sequence of the xylene selectivity variation with CVD

Ortho- and p-xylene were the first isomers to respond to the influence of the CVD cycles. The
concentration of o-xylene decreased while p-xylene increased. At this stage the m-xylene concen-
tration remained unaffected. A few more CVD cycles were necessary to cause the meta-selectivity
to decrease. This observation does not follow the order of the measured diffusivities, Dy, > Dop >
Do (Chen et al,, 1994). From the order of the diffusivities it would be expected that the m-xylene
should be the first isomer to be affected by C'VD, and thus should be the first isomer to decrease.
This suggests that either the reported diffusivities are wrong or the formation of the o- and m-xylene
come from a non-shape-selective reaction. Assuming that the reported diffusivities are correct, the
only way in which m-xylene concentration can exceed o-xylene will be if the reaction proceeds in the
sequence p-X = m-X & 0-X. It may now be postulated that the intra-crystalline pore space produces
a p-xylene rich product which is unaffected by the CVD modifications. The p-xylene then undergoes
rapid isomerisation on the external surface to produce the equilibrium distribution (see 1,2 shift
for TMB (Roger et al., 1998a)). As the external surface is deactivated by CVD, the isomerisation
reaction slows down. As this is a sequential reaction, the o-xylene fraction will decrease followed by

m-xylene, as observed. This provides the only plausible explanation of the results ohserved.

4.4.3 Pore blocking and reduced isomerisation

It becomes apparent that both reduced secondary isomerisation rates on the external surface and pore
blocking could be responsible for the enhanced para-selectivity. Separation of the two simultaneously
occurring effects is only possible at low CVD temperatures, viz. 50-150°C. The maximum para-
selectivity is always observed after the external surface has been deactivated and before the catalyst

shows signs of severe deactivation (see 4.2.2 ”activity plateau™).

The same effects of deactivation, as were seen for the 1,3,5,-TiPB-cracking and the external TDP,
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apply for the isomerisation reaction of the external surface. Despite the inertisation of the external
surface appearing complete, the xvlene isomer composition is only affected marginally. This suggests
that the preferential formation of a particular xylene isomer, i.e. p-xylene, inside the ZSM-5 crystal

is unlikely, as implied in the previous section.

However, the xylene isomers have different intrinsic diffusivities in the unmodified catalyst, D, and
thus also 7intrinsic Thiele modulus”, ®,: Introduction of diffusional constraints affects the diffusivi-
ties for all molecules to the same extent (Wei, 1982). Because of the difference in @, the effectiveness
factor, n, for each reaction will vary differently, causing shape selectivity in the crystal due to pore

blockage.

Pore blocking

The pore blocking model after Theodorou and Wei (1983) (see Section 1.3.5) provides insight into the
changes in effective diffusivity and hence effectiveness factor for the catalytic system, as the degree

of modification progresses.

The decrease in diffusivity with increasing silica loading is displayed in Figure 4.9. The degree of
pore blockage is given as the ratio of deposited silica to the amount of silica which causes the total

deactivation of the catalyst.

In comparison to function 4.3 an approximation of

D
B 1—F(zy) ~1—af (4.6)

is plotted in Figure 4.9a and it provides a reasonable simplification of the polynomial expression.
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Figure 4.7: Changes in xylene-selectivities with increasing numnber of CVD treatments for powder samples.
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Figure 4.8: Changes in xylene-selectivities with increasing number of CVD treatments for pelletised samples.
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For the xylene isomers the effective diffusivities and hence $, vary over three orders of magnitude,
causing the effectiveness factors, #, for each isomer to vary differently, as the extent of pore blockage
increases. This effect is shown in Figure 4.9b. Regardless of the intrinsic value of ®,, pronounced
changes in effectiveness factor only occur when a large fraction of the pores are blocked, i.e. zp > 80%.
The effectiveness factors are affected in a way, that separation of the xylene isomers appears unlikely
in the region where the experimental data show dramatic changes in xylene selectivity. Thus, it
becomes evident, that the extent of pore blocking cannot be correctly represented by the linear
dependence of deposited silica, as the experimental data show that significant pore blocking must

already occur at lower silica loadings (Section 4.2.2).

The effectiveness of the catalytic system depends on the surface area that is available for the diffusive
flux into and out of the micro-pores. Assuming that the access into the crystal decreases in the same
fashion as it was found for the catalytic activity of the external surface, the extent of pore blockage
can be described with 2, = 1 — " (see Section 4.3.1). The resulting changes in diffusivity and

effectiveness factors are displayed in Figures 4.10a and 4.10b.

In this case, due to the exponential increase, pore blockage occurs at a much higher rate and high
extents of pore blockage are achieved already after low amounts of silica are deposited on the ex-
ternal surface. With increasing extent of pore blockage, dramatic changes in effectiveness factors,
7, for the different compounds become apparent. The effectiveness factor for compounds which are
intrinsically not diffusion limited (®, < 1), become affected at comparatively low silica loadings, viz.

approximately 20 to 40 %, and the decrease of 5 occurs over the entire range of pore blockage.
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The effectiveness factor of initially diffusion limited compounds (®, = 1000) is reduced similarly,
however, 1 assumes minimal values that a contribution of these compounds to the overall diffusive
flux can be excluded. From Figure 4.10 it can be seen, that separation of compounds of different
intrinsic diffusivities can be explained, when the extent of pore blockage increases exponentially. This

hiypothesis will be tested in Section 4.6.

Reduced secondary isomerisation on external surface

As laid out above, the fast secondary isomerisation on the external surface of ZSM-5 leads to the

thermodynamic equilibrium mixture of xylenes i1 the product over unmeodified catalyst.

The reaction conditions for TDP were kept constant throughout the modification series and the decay
of the rate of secondary isomerisation must originate from a reduced reaction rate constant. The
same effects of deactivation, as were seen for the 1,3,5-TiPB-cracking and the external TDP, apply

to the isomerisation reaction on the external surface.

(i) unmodified, viz. n=0

The ratio of rate constants for xylene-isomerisation and TDP, viz. kjso/krpp, over ZSM-5, is
reported to be in the range of 100 (Young et al., 1982) to 7000 (Olson and Haag, 1984). Xylene-
isomers leaving the crystal, undergo fast isomerisation. Thus, a thermodynamic equilibrium mixture
of xylenes is obtained over unmodified ZSM-5, even at low conversion levels {Olson and Haag, 1984).
The powder and pellet series (Figures 3.20 and 3.21) confirm that para-selectivity over the unmodified
samples did not change at conversions larger than 3 %. A marginally higher para-selectivity can be
seen over the powder sample at conversion below 3% which is the expected trend at higher reaction

temperature (Young et al., 1982) due to mass transport limitations (Olson and Haag, 1984).

(ii) inertisation of external surface area

When a complete silica layer was deposited on the external surface, the o-xylene fraction was
marginally reduced while more p-xylene was found in the xylene mixture. At this stage, the ex-
ternal surface reactions were eliminated and it might be argued that this observed composition is
the intrinsic xylene composition as it is formed inside the ZSM-5 crystals. However, as laid out in
the previous Section, diffusional limitations of the "slowest” compound cannot be excluded, thus

accounting for a decreased o-xylene fraction.

From this point on, the secondary isomerisation on the external surface does not affect the xylene

composition and changes are attributed to diffusional limitations due to pore blockage only.
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4.4.4 Effect of WHSV on para-selectivity

When observing TDP on shape selective zeolite crystals in an integral packed bed reactor, two time
constants of the system have to be considered: (i) the apparent residence time 7 = V/F in the reactor

and (ii) the time constant for diffusion in the crystal, viz. D/R2.

The two time constants can be regarded as resistances in series and, depending on their magnitude,

influence the xylene composition. In general, three cases can be distinguished:

(i) D/R* < 1

When the residence time in the reactor is high, diffusional limitations in the crystal have negligible
effect on the product composition in the reactor effluent. In other words, when the diffusional
limitations for all xylenes are insignificant, thermodynamic equilibrium composition is observed when
the residence time, viz. WHSV, is varied. Only at very low residence times and hence, low toluene

conversions, shape selective effects are observed over unmodified ZSM-5.

(ii) D/R* ~

When the two resistances are of similar order, variation of the WHSV should show a pronounced
effect on the product composition. Unfortunately, in this study the WHSV was only varied in cases
where high para-selectivity was already obtained, i.e. after diffusional limitations showed severe

impact on the xylene composition.

(iii) D/R? > 7

When the introduction of diffusional limitations leads to the maximal differences in effectiveness
factors, maximal shape-selective effects can be observed. Variation of the WHSV alters the rate with
which xylene isomers can reenter the crystal and isomerise inside the micro-pores. Since the reentry
is also severely diffusion limited, changes of the WHSV would affect the product composition only

to a low extent.

Figures 3.20 and 3.21 show that para-selectivity is improved with decreasing conversion. However,
the separation of xylene isomers proved to be increasingly inaccurate when low concentrations were
analysed, introducing large scatter in the high para-selectivities at low toluene conversions. Das
et al. (1994) studied TDP over CVD modified (16 wt% silica) ZSM-5. They showed that reducing
the conversion from 23 to 9% at 500°C only marginally improved the para-selectivity from 89 to 93%.
Unfortunately, neither crystal size, nor external surface area are disclosed. Also, no catalytic reaction

data that could be clearly attributed to the external surface are given, allowing the determination
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of «. However, judging from the high para-selectivity at high conversion, their findings appear to

support the hypothesis as discussed above.

4.4.5 Diffusional constraints

The knowledge of diffusional properties is indispensable for the interpretation of reactions in catalytic

systems.

Introduction of diffusional constraints can be deduced from (usually unreliable) sorption uptake rate
measurements. Additionally, knowledge of the deactivation constant « allows interpretation of the

uniformity of the modification. However, few studies supply both diffusion and reaction data.

Hibino et al. (1991) reported suppressed adsorption rates of o-xylene as well as 99% selectivity to
p-xylene during o-xylene isomerisation at 1% conversion. The ZSM-5 catalyst was modified with
TMOS in a static vacuum system at 320°C. The data for the 1,3,5-TiPB-cracking indicated non-
homogeneous deposition across the catalyst bed (see section 4.3.1). It appears that non-uniform
deposition was the reason for severe pore blocking and thus for increased diffusional constraints
in the above mentioned case. Roger et al. (1998a) modified ZSM-5 in-situ in a fixed bed reactor
and reported 98% para-selectivity for TDP with no significant loss of conversion. Furthermore,
investigating the effect of CVD at 100°C on the adsorption rate of p-, o-xylene and 1,2,4-TMB using
a microbalance, the sorption of o-xylene and 1,2,4-TMB was drastically reduced while p-xylene was

seen to be unaffected.

However, diffusion measurements are usually performed at temperatures which are far below the
relevant reaction temperatures. Furthermore, diffusion of molecules in a micro-pore system is an
activated process with greatly varying activation energies for the involved compounds (Chen et al.,
1994). Thus, it proves to be difficult to apply results from diffusion measurements and coefficients

from the published literature

The modification of ZSM-5 with TEOS at low temperatures allows separation of the contributions
of external and internal reactions as well as monitoring the effect of changing diffusional properties
and their impact on the product composition. Thus, by applying a suitable model that describes the
experimental results, it should be possible to support the reported ratio of the diffusion coefficients of
the xylene isomers under reaction conditions for TDP, viz. at 450°C. This model will be elaborated

on in Section 4.6.
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4.5 Catalyst performance: P-xylene Yield

4.5.1 Para-xylene yield versus toluene conversion plot

Cyclic CVD leads to improved para-selectivity while simultaneously deactivating the catalyst. In
order to compare the effects of the different CVD temperatures on the catalytic performance, the
decreasing conversion for TDP has to be accounted for. Plotting the p-xylene yield versus the
observed conversion of toluene {pY-X-plot) allows comparison of the different samples, independent

of the degree of deactivation (Ko and Wojciechowski, 1983).

The performance of the catalyst for TDP is limited by two extremes. (i) Thermodynamic equilibrium
limits the p-xylene fraction giving the minimum yield, regardless of the toluene conversion. (ii) 100%
selective catalysts produce only p-xylene and benzene. If CVD resulted in nonselective deactivation,
viz. reduced effective catalyst mass, the same p-xylene yield to toluene conversion relation should
be observed in the pY-X-plot (Wojciechowski, 1974). Due to constant TDP reaction conditions, the

differences in the selectivity patterns are attributed to the CVD at different temperature.

Powder

The powder samples, modified at low CVD temperature, showed no improvement in p-xylene yield as
observed over the unmodified catalyst (Figure 4.11). This is a surprising result, considering the high
para-selectivities of 80-90% at 50-60% activity loss. From the benzene/xylene-ratios in Figures 3.16
and 3.17 it can be deduced that "dealkylation” of xylenes accounted for an increased concentration
of benzene after extensive modification. This will be discussed below in Section 4.5.2. Bearing the
costly downstream separation of the xylene-isomers in mind (Tsai et al., 1999), the p-xylene enriched

product stream characterises an improved catalyst, despite the increased benzene fraction.

CVD at 200°C lead to blocking of pores and the decrease of activity outweighed the improvements
in para-selectivity. Higher modification temperatures enhance the overall deactivating effect of CVD

and result in poor activity.

Pellets

The 100°C-pellet series displayed outstanding catalytic performance when the 2.5-fold p-xylene yield
of the parent sample was obtained. Para-selectivity was improved while a high conversion level of

better than 11% was maintained.

As already found for the powder series, CVD at 200°C lead to the severe deactivation of the pellets.
Despite the apparent uniformity of the deposition, pore openings are blocked already in the early

stages of the modification and renders the catalyst useless.
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Figure 4.11: Selectivity plots for TDP over CVD modified powder and pellet samples. Data obtained over
the unmodified samples are encircled.



4.5. CATALYST PERFORMANCE: P-XYLENE YIELD

p-xylene vield /moi%

0.5

o =
‘,/ © (},/’/ AAAAAAAAAAAAAAAAAAAAAAAAAAAA -
7 e @
/ P
7 /,,-"
Al I i |
2 4 6 8 10
i 1 1 i i //I ¥
-7 Pel00°C
................................................ o T
e

2 4 8 g8 10 12 14 18
Conversion /%

Figure 4.11: (continued) Selectivity plots for TDP over CVD modified powder and pellet samples. Data
obtained over the unmodified samples are encircled.

95



96 CHAPTER 4. DISCUSSION

4.5.2 Loss of xylenes

Figures 3.16 and 3.17 display the molar benzene/xylene ratios during TDP over the modified samples.
The deviation from the theoretical value of unity becomes apparent. Slightly higher benzene/xylene
ratios are expected at the higher reaction temperature for TDP over unmodified powder (550°C)
as compared to pellets (450°C) (Kaeding et al., 1981b). The "apparent” dealkylation of xylenes
is attributed to secondary reactions occurring at high temperatures. Large diffusional constraints
promote the final product in series type reactions; secondary reactions which occur produce higher
methylated rings via disproportionation. These can be converted to benzene and light hydrocarbons

via a paring mechanism (Roger et al., 2000).

The benzene/xylene ratios over powder which was modified at 50-200°C conspicuously increases
when ca. 15-20 Si/nm? were deposited. This effect does not occur when CVD was carried out
at 300 and 400°C. The paring reaction only occurs inside the micro-pores of the crystals. Thus
diffusion limitations that are introduced into the reaction system would increase the benzene/xylene
ratio. This is the case at the low deposition temperatures, where progressing modification leads to the
continuous blocking of pores. At high deposition temperatures, non-uniform deposition of silica leads
to the complete blockage of pore openings and entire catalyst particles become inaccessible for the
reactants. As consequence, the effective catalyst volume is reduced, leading to reduced conversions
as well as to reduced probability for the formation of poly-alkvlated aromatics and their dealkylation

via the paring mechanism.

The benzene/xylene ratios over the pellet samples do not exceed values of 1.6. This must be related
to the significantly lower reaction temperature of 450°C for TDP over pellets in contrast to 550°C
over the powder samples. As a result of the lower temperature, diffusion is less limiting, thus reducing

the probability for the xylene consuming side reactions to proceed.
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4.6 Modelling effects of CVD on TDP

4.6.1 Reaction pathway

In order to develop a model for TDP over ZSM-5, the following reaction pathway was assumed.

The disproportionation of toluene (T') inside the crystal yields the kinetically favored isomers, p-
xylene (pX) and o-xylene (0X), and benzene (Bz). It is assumed that the reaction is of first order
in respect to the toluene concentration, irreversible and o- and p-directing. The respective rate

constants, k;, for each reaction step are given above the reaction arrows.

1/3 &

o7 Mk, x| B, (4.7)
o1 225, x4 B: (4.8)

The isomerisation of the p- and m-xylene (mX) occurs strictly consecutively and thus allows the
formation of o-xylene. The isomerisation reactions obey first order kinetics and are reversible. ko
denotes the forward rate constant, equal for both reactions, and K. and Ky are the equilibrium

constants for each reaction:

e
PX BmX,  Ka=T2 (4.9)
pX
B _oX 0
mX & oX, Ko= —3 (4.10)

"Xylene dealkylation” and the formation of excess benzene occurs via a paring mechanism inside
the zeolite crystal (Roger et al., 1998b). The first step is the disproportionation of two xylenes to

trimethylbenzene (TMB) and toluene, viz.:

9T =« TMB+T (4.11)

The second step is the paring of light hydrocarbons (HC’s) from the polyalkylated aromatic:

TMB — Bz+ HC's (4.12)

The two steps can be combined when assuming that the second step proceeds rapidly. Hence, the

following reaction mechanism for each xylene isomer is obtained:
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9 pX BT+ Ba+ He's (4.13)
2mX B T4 Byt He's (4.14)
20X 5 T+ B2+ He's (4.15)

Each of these reactions are assumed to be of first order and irreversible.

The assumption of the second reaction step in the paring mechanism proceeding rapidly can be
reasoned by considering strong diffusional limitations of TMB within the crystal. This leads to
increased concentrations inside the micro-pores. High TMB concentrations, combined with high

reaction temperature, leads to fast paring " dealkylation”,

All reaction steps described above, with exception of the paring reaction, also occur on the external
surface of the ZSM-5 crystal. The reaction rates on the external surface are assumed to change
differently compared to the reactions occurring in the crystal interior, which leads to two more rate

constants, viz. k4 and ks:

o7 XM, yX 4+ By (4.16)

21 2™, X + B (4.17)
k mX

pX 2 mX, hks=Ke= e (4.18)
k oX

mX = o0X, ks=K.n= — (4.19)

This assumed reaction pathway is illustrated in Figure 4.12.
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Figure 4.12: Model of TDP over ZSM—u in a fixed bed reactor.

4.6.2 Assumed rate expressions

99

All involved reaction steps are assumed to obey first order reaction kinetics. The thermodynamic

equilibrium conversion of toluene to form the xylene isomers and benzene at 450°C is limited to

approximately 57 %. At conversion levels below 15 % effects of the reverse reaction can be neglected,

and this reaction can be treated as irreversible.

The rate expressions for the reactions in the crystal interior become thus:

it = 2 ky O ¢ i ks (C% + Cl% + CI)

int 1 L Cénz f{! Gmt sz k! Om.t
TpX = § 1 vr pX T K.,

) Cmt . Cmt .
mt == o C:ng m nt -k Cznt
TmX 2 l:( pX K., ) (me K., )jl 3 YmX

;735 - _3_ kl Cznt f{ug <Cmi . ?{?}?) = Iw Czni
el

: 1
rE =k CF' + < ky (Ciff + Cink + Ci)
where C; denotes the concentration of the species <.

The rate expressions for the reactions that occur on the external surface are:

7,%"51 - _2 ;L Ce:t:t

(4.20)

(4.21)
(4.22)

(4.23)

(4.24)

(4.25)
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ext 1 ezt zt Cem}t{
Cemt Cex}
elt =k cext . Zme ) [ oext 0X 92

TmX 2 pX K. mX }(82 (4 7)

9 Cemt

ext < ert 1. ert T oX
ReY = 3 ky CF ko (C’mx _Kel ) (4.28)
rg; =k CF (4.29)

As mentioned above, the paring reaction only occurs in the spatially confined channels and does not
proceed on the external surface. The formation of hydrocarbons is not required to solve this problem,

as the system is dilute and the flowrates are assumed to be constant.

Furthermore, at these high temperatures (450°C) adsorption onto the surface has been assumed to
be linear. The adsorption equilibrium constants are incorporated into the first order rate constant

as the model is linear.

4.6.3 The effect of CVD on the reaction rate of external reactions

From the 1,3,5-TiPB-cracking and external TDP data it could be seen that the activity of the external
surface decreased exponentially (see Section 4.3.1). The decrease in first order rate constant on the

external surface may then be represented by:

k = koa” (4.30)

where k, is the first order rate constant of the unmodified catalyst, n is the amount of deposited
silica, k is the first order rate constant at n amount of deposited silica and « is the fractional decrease

in rate constant with increasing silica deposition.

This concept is then extended to all first order reaction rate constants on the external surface, and

thus the TDP and isomerisation rate constant will also decrease according to the "a™” law.

The internal reaction rates are not affected by the CVD process as the TEOS molecule deposits
exclusively on the external surface. Thus, all first order rate constants in the catalyst interior remain

unchanged with increasing the amount of deposited silica.

4.6.4 The effect of CVD on diffusion properties

It is assumed that the CVD using TEOS does not alter the internal properties of the zeolite and thus,
the internal diffusion coefficient remains unchanged (see Section 4.4). However, statistical simulations

by Theodorou and Wei (1983) have shown that a reduction in relative effective diffusion coefficient
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(D/D,) due to pore blockage can be approximated by a polynomial function F'(z;) which depends

on the extent of the pore blockage, z; (see Section 4.4.3).

It is thus possible to represent pore blockage effects by an effective diffusion coefficient which is

assumed to apply throughout the whole pellet.

The variation of z; using the silica loading can be viewed in two ways, (i) x; increases linearly with
the amount of deposited silica , i.e. z, = n/n,, and (ii} xp varies with the « law, i.e. 7, = 1~ a™

These approaches have already been outlined in Section 4.4.3.

a) (n/ny)
(1-0") —==-=~
0.1
<
Q
O
0.01
0.001
0 0.2 0.4
b) 1 T T (n/ny) ———
RN (1-a") —=----
0.1
-
0.01
0.001 ¢ ‘ ' ‘ ‘
0 0.2 0.4 0.6 0.8 1

n/ng

Figure 4.13: Comparison of the effect of linear and exponential increase of pore blocking (a=0.7, np=40).

Figure 4.13 compares the two approaches. The diffusion coeflicient decreases more rapidly when
using the o model after the same amount of silica is deposited. The effectiveness factor variation
with the silica loading shows that when pore blockage is assumed to be linear with deposition, very
high amounts of silica have to be deposited before the effectiveness factor becomes low enough for

significant changes in selectivity to be observed, based on typical values of a and n.

Assuming the o model, (i) low effectiveness factors are reached at low silica loadings and (ii) the
effectiveness factor decreases exponentially rather than quadratically. This indicates that exponential
decay of the o model dominates over the quadratic decrease in diffusion and effectiveness factor. The
changes according to the & model are supported by the experimental data. This also indicates that
the increase in pore blockage, due to silica deposition, follows an exponential trend. The effect
of CVD on diffusion, and consequently on reaction and selectivity, is then given by the following

expressions:
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rp=1-a" (4.31)
I)Q; =1z (4.32)

4.6.5 Reactor and catalyst mass balance

The mass balances are based on the assumption of ideal plug flow and steady state conditions.
The catalyst pellets are uniform spheres and homogeneously distributed in the reactor bed. Fickian
diffusion takes place inside the catalyst particle. The adsorption of all species is assumed to be in
the Henry region and thus can be incorporated into the rate constant. All diffusion coefficients are
constant and independent of concentration, i.e. there is no interaction between different species. The
reactor is assumed to operate isothermally and concentrations are low enough to assume constant

flowrate.

For each species ¢ within the catalyst crystal, the following mass balance applies at any given point:

1 9 [ 000\ pint 2
Eé'é}'(y o)+ = (439

where ri"* is the internal reaction rate of the species 4, ¥ = r/R is the dimensionless spacial coordinate,
Ci™ is the concentration of the species 7 in the catalyst, R is the radius of the catalyst particle and
D; is the diffusion coefficient of the species 4. It has to be mentioned that the concentration Cf”t
is a function of the spacial coordinates y and z. The residence time in the reactor, 7, is obtained
from the crosssectional area, A, and the length, z, of the reactor and the volumetric flow rate, F, i.e.

7= Az/F. Thus, T incorporates the reactor dimension z and C™ = C"¥(y, 7).

For each species i in the reactor bed the following mass balance applies:

aCEt  3(1—€) D; 9CE™

?’"
ot e R Oy |, ' e

(4.34)

where Cf** is the concentration of the species ¢ within the reactor bed, ¢ denotes the bed voidage

ext
i

andd 7§ is the external reaction rate for the species <.

The concentration C§** thus is a function of the residence time 7 only, i.e. C&(r).

4.6.6 Boundary conditions

The symmetry of the spherical particle is defined in the following boundary condition:



4.6. MODELLING EFFECTS OF CVD ON TDP 103

&Cfm

= {) 4.35
5, (4.35)

The concentration boundary condition relates the surface concentration of the catalyst to the gas

phase concentration in the reactor, neglecting film resistance:

Cint(y = 1,7) = C°*(7) (4.36)

The boundary conditions defining the concentrations of reactants and products at the reactor inlet

are:

(i) for reactants:

Cffly=1,1=0)=1,  C"(7=0)=0 (4.37)

(ii) and for products:

CEty=1,7=0)=0,  Ci"(y,7=0)=0 (4.38)

4.6.7 Application of collocation

Equation 4.36 allows the combining of the reactor and catalyst mass balances to yield an differential-
algebraic system of equations (DAE) when collocation is applied to the catalyst equations. Writing

the catalyst equation in collocation form,

nz R .
Z B; jYm; + 14 =0 i=lom (4.39)
j=1

yields nc equations for each species k,

where:
£ = number of species
¢ = internal collocation point counter
j = internal collocation point counter
mj = mna(k— 1)+ j, offset counter for linear arrays, offset for &
nr = nc-+ 1, number of collocation points including the boundary at y = 1
nc = number of internal collocation points
B;; = collocation matrix of constants
Yinj = concentration in the pellet at position mj [Y(i) = CI™/Ci(y = 1,7 = 0)]

T'E&t = internal reaction rate of species & at position ¢ in the catalyst
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The equation for the reactor bed, incorporating the boundary condition in Equation 4.36, yields:

dY;m . 1_6 Dk

1—€
Z Apaj Yimj + ( ) 7"23::

dr € €
with 1= nz (condition at the catalyst boundary y = 1)
mj = nx(k — 1) +1
Angj = collocation matrix of constants
Pt = reaction rate on the external surface at position &, 14

(4.40)

There are nc algebraic equations (4.39) and one differential equation (4.40) for each species k. There

are 5 species in this reaction system and hence, this gives 5

X nx equations for the complete system.

These equations , a total of 155, are solved using the DDASAC DAE integrator (Stewart and Asso-

ciates Engineering Software, Inc.; Software for Modeling and Parameter Estimation) using 30 internal

collocation points (nc=30) which adequately represents the concentration profiles of all species, even

at small effectiveness factor within the crystal.

The simulation and fitting procedure are outlined in Figure 4.14,

kinetic description

Experiment i

obtain qualtiative
guess of p, - pg

»  Model

Functional Solution;
simulated concentration profiles
versus silica loading

C, X, T

¥

DDASAC + GREG
parameter estimation based on
C,, X versus silica loading using equally
weighted least square error criterion;
(i} simulated data
(i) simulated data + 5 % random error

!

Unigueness of p,
and the effect of error

|
s 4

DDASAC + GREG
parameter estimation of
experimental data

¥

Actual
P4 - Dg

Figure 4.14: Flow chart of simulation and fitting procedure to obtain simulation parameters p; - pe.
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4.6.8 Typical simulation results

As mentioned in Section 4.4 the analysis of reaction data suffers from the pitfall that diffusion
coefficients at high temperatures, i.e. above 250°C are not available. The relative ratio of diffusiv-
ities for the xylene isomers is believed to be in the range of Dpx /Dy x=1000, Dyx /Dy x=10 and
Dox=Dra=Dpg. (Chen et al., 1994). The activation energy for diffusion has been reported to be
approximately 30 kJ/mol but can be as high as 60 kJ/mol for aromatic compounds (Chen et al.,
1994). Niessen and Karge (1993) reported the diffusivity coefficient of p-xylene at 140°C to be ap-
proximately 1x 107% em?/s. Using the above mentioned activation energies, diffusivity coefficients

of 4x 1078 to 1.6x 107% cm?/s, respectively, can be extrapolated for p-xylene at 450°C.

Assuming a uniform diameter for spherical crystals of 0.2 pm, the diffusion time constant for p-
xylene, D/R?, is calculated as 100 s~! and 4000 s™!, using the activation energy of 30 and 60

kJ/mol, respectively. This is the basis of an order of magnitude estimate of the diffusion coefficients.

Furthermore, it must be expected that the activation energy for the isomers is different, hence the
ratio of the diffusivities given above will not necessarily be true at the reaction temperature. For
the purpose of the calculations and the fitting of the reaction data, these ratios of the diffusion time

constants will be assumed for Dyx D, x:Dpx=1:1:1000.

Benzene/xylene ratio

As discussed in Section 4.5.2, xylene "dealkylation” via the paring mechanism is observed with
increasing CVD modification and low toluene conversions. The increased benzene/xylene ratio could
also be explained with impurities in the toluene feed. Assuming a contamination of 0.5 % in the
toluene feed and additional benzene originating only from TDP, then the benzene/xylene ratio would
increase with decreasing toluene conversion. The benzene/xylene ratio of 1.5 corresponds to a toluene
conversion of 2 %. Such low conversions would have only been observed after considerable diffusional
constraints had occurred due to CVD. The analytical grade feed had a purity of more than 98.8 %
toluene and a benzene content of less than 0.1 %. Thus, an affected benzene/xylene ratio because of
trace contamination appears unlikely, and the contribution of the paring reaction inside the crystal

requires extended consideration.

Results

For the simulation of the effects of silica on TDP and the fitting of the experimental results, two
cases were distinguished:(i) paring reaction in the crystal interior can be neglected and hence the
benzene/xylene ratio is 1. (ii) The paring reaction takes place and produces benzene and light

hydrocarbons and thus the benzene/xylene ratio is >1.
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Table 4.2: Base and estimation parameters.
base parameters
T s 10.0 residence time in reactor
kq g1 4.3 x 10~3 internal: rate constant for TDP
ko g1 4.3 internal: rate constant for xylene isomerisation
k3 g1 4.3 %107 internal: rate constant for paring reaction
k4 g1 43 x 1073 external: rate constant for TDP
kg 51 4.3 external: rate constant for xylene isomerisation
Koy 2.538 equilibrium constant pX&=mX
Koo 0.393 equilibrium constant mXs20X
o 0.70 inertisation constant
(D/R*)74 g1 100 diffusion time constant for toluene
(DJR%),x st 100 diffusion time constant for p-xylene
(D/R®),x st 0.1 diffusion time constant for m-xylene
(D/R?),x st 0.1 diffusion time constant for o-xylene
(D/R*)p, s71 100 diffusion time constant for benzene
€ 0.4 reactor bed voidage
{Stp) (Si/nm?) {(40) {amount of silica for total blockage; as reference)
parameters for estimation
1 = {rate constant for TDP)
P2 = kqo/ky {ratio of the rate constant for xylene
isomerisation to rate constant for TDP)
Pa = O (inertisation coefficient)
P4 = D/R? {diffusion time constant of toluene)
75 = ket /kint {ratio of the rate constants for external/internal sur-
= ky ks face activity)
= ks/ka
P = ky/ky (ratio of the rate constant for paring reaction

to rate constant for TDP)
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Figure 4.15 demonstrates the results of a simulation, when the paring reaction can be neglected. The
selectivity of the p-xylene increases as expected due to the increased effective diffusion resistance.
The o- to m-xylene ratio decreases even though the diffusivity of both isomers are equal. A constant
ratio with increased diffusion resistance may only be expected for parallel reactions. This is clearly
not the case here, and the observed effect is a consequence of the interaction of both the series

reaction and the reaction on the external surface.

The yield of p-xylene over the modified catalyst exceeds that obtained on the unmodified catalyst
by a factor of 2.6. This shows that the production rate of p-xylene can be improved dramatically
by introducing diffusion limitations, contrary to what might be expected from mass transfer limited

reactions.

The maximum possible ratio of the p-xylene yields would be approximately 4 when the para-
selectivity could be improved to 100 % at no loss of activity. However, because of the deactivation of
the catalyst, mainly due to the deactivation of the external surface (about 30 %), this ratio cannot
be achieved with CVD.

The increase in yield, as compared to the unmodified catalyst, is a consequence of the o-xylene
and m-xylene reactants and reactions involving these species becoming diffusion limited within the
catalyst, while those reactions involving toluene, benzene and p-xylene remain unaffected. In other
words, the effectiveness factor of o- and m-xylene rapidly becomes less than 1 while those of toluene,
benzene and p-xylene remain at 1. Therefore, the reactions of toluene to produce benzene and p-
xylene are not diffusion limited and proceed unhindered, hence the increased yield and production

rate of p-xylene.

When the paring reaction is included (see Figure 4.16), the same conceptual trend is observed. How-
ever, the benzene/xylene ratio increases rapidly when CVD starts causing severe diffusion limitations
on the product molecules. The paring reaction is a secondary step, in which xylenes disproportionate
to form toluene and trimethylbenzenes and polymethylbenzenes. Theses highly substituted aromatics
undergo paring reactions to yield benzene and light hydrocarbons (HC’s). As the diffusion limitation
of the xylenes increase, the concentrations of these species increase within the pore system, promoting
disproportionation reactions to higher substituted aromatics. In this way there is a sharp increase
in the benzene/xylene molar ratio with increased silica deposition, at the point where the xylenes

experience diffusion limitations.

Theses results qualitatively describe the observed experiments.
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Figure 4.15; Typical simulation: selectivity versus conversion during TDP with changing amount of deposited
silica without paring reaction.
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Figure 4.16: Typical simulation: selectivity versus conversion during TDP with changing amount of deposited
silica including the paring reaction of xylene isomers.
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4.6.9 Typical fitting of model data using GREG
The fitting procedure of simulated data

The model data Xiguene: Crotuenes Cpx, Cmx, Cox and Cpg. is generated as a function of silica
loading. This is the same form the experimental data will be analysed. The fitting procedure was
carried out using the GREGPAK general regression software (Stewart and Associates Engineering
Software, Inc.; Software for Modelling and Parameter Estimation). 6 responses are fitted, using a
relative least square error criterion between the predicted and experimental data. All data is weighted
equally. No account is taken of the fact that the lower concentration data might have a larger relative
experimental error and thus have to be weighted less. The parameters (p;) to be estimated are given
by p1 to pe in Table 4.2, where pg is only used when the paring reaction is significant. Initial model
parameters obtained by qualitatively fitting the model to the experimental data, are used as starting
values in each case. These values are given in Table 4.2. The parameter estimates are given with a

standard deviation error, o, which is to be expected when fitting to the model.

When applying the fitting procedure to both the simulated data (i) without and (ii) with paring
reaction, the model prediction was exceptionally good (3 error? ~ 1 x 107%). More importantly, all
the model parameters are uniquely determined, as shown by all the variances (o) being less than 0.1
% for all parameters. This means that each parameter used in the model fit is independent and has

a unique measurable effect on the model response.

The resulting curves of typical model fit are shown in Figures 4.17 and 4.18, neglecting and considering

the paring reaction, respectively. The determined parameters are listed in Table 4.3.

The fitting procedure of simulated data with random error

As the uniqueness of the parameter determination was confirmed, the reliability of the fitting proce-
dure was tested when applied to noisy experimental data. 5 % random error was introduced to the
modelled data and the fitting routine applied. Figures 4.19 and 4.20 show the match of the fitted

curves to the simulated experimental data. The results are summarised in Table 4.3.

Examining the model fit, it is clear that the effect of random error has a strong influence on the
position at which the p-xylene concentration curve rises. As the "experimental error” increases the
accuracy and hence also the uniqueness in determining ps, p4 and pg decreases significantly, as shown
by the large o of up to 100 %. This is in part to the least square error criterion which compromises
between fitting the data at constant conversion (steep rise of the p-xylene curve) with data over the
other regions of regular conversion-concentration behavior. Furthermore, part of the loss of accuracy
is due to the few data points which were generated, particularly in the region of the steep rise in

p-xylene yield. If more model data were taken, then smaller errors would be obtained.
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Figure 4.17: Typical fit to simulated experiments without paring reaction: uniqueness of fitted parameters.
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Table 4.3: Estimated model parameter from simulation data (values given as p; £ o).

me P2’ p3* pa® ps° Pe’ > (error)?
simulation type (1073 (10%) (1073
7=10, 20 pts 9, 4.30 1.00 0.70 99.9 0.30 not used 0.000036
ne paring reaction, + 0.00026 4+ 0.0022 £ 0.000058 + 0.31 + 0.00022
all Bz/Xyl=1
=10, 20 pts, 4.41 1.07 0.696 94.0 0.196 not used 4
no paring reaction, + 0.09 + .93 + 0.033 + 157 + 0.068
all Bz/Xyl=1,
+5% random error
T=:10, 20 pts, 4.30 1.00 0.70 100 0.30 0.1 0.000028
initial Bz/Xyl=1 £ 0.00024 £ 0.0017 £ 0.000013 £ 0.05 -+ 0.00021 4 0.00037
7=10, 20 pts, 4.38 4.55 0.696 102 0.218 0.089 2.5
initial Bz/Xyl=1, + 0.072 + 3.34 + 0.032 + 162 + 0.056 + 0.106

+5% random error

“k1: reaction rate constant for internal TDP.

"ka/k1: ratio of reaction rate constants for isomerisation to internal TDP.
‘o inertisation constant.

“D/R?)r: diffusion time constant for toluene.

"kext/kiny: ratio of external to internal activity.

Tka/k1: ratio of reaction rate constants for paring reaction to internal TDP.
“Number of experimental points used for fitting procedure.
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Table 4.4: Estimated model parameter from experimental data (all parameters as in Table 4.3).

P1 P2 pa3 P4 Ps Pe > (error)*
simulation type 1073 10° 1073
T=10, 33 pts®, 4.31 2.46 0.730 108 0.30 not used 1.75

no paring reaction, +0.04 +062 £0003 £18 +0.03
all Bz/Xyl=1
=10, 33 pts, 4.08 2.51 0.730 107 0.301 0.085 1.59
initial Bz/Xyl=1 +0.03 £065 £0003 +18 <+ 0.034 0.047

*All 33 data points from the experiment were used for the Htting procedure.
The fitting procedure of actual experimental data

The above described fitting procedure was invoked to analyse the 100°C-pellet data.

Based on the experimental data, the equilibrium constants for the isomerisation of pX=mX, K.,
and mX+=0X, Ko, were determined to be 2.538 and 0.393, respectively, assuming that the reactions

over the unmodified catalyst are in thermodynamic equilibrium.
The residence time in the reactor, 7, was taken to be 10 s.

With the above stated assumptions for the diffusivities and the particle diameter, the diffusion
time constants for xylene isomers are: (D/R%)ry = (D/R?),x = (D/R?)p, = 0.001x(D/R?),,x =
0.001x(D/R?),x.

With this set of given model parameters the fitting procedure was applied to the actual experimental

data of the 100°C-pellet series, using 30 collocation points.

Two cases were investigated: (i) fitting to the experimental data while neglecting the paring reaction

(Figure 4.21) and (ii) including the paring reaction (Figure 4.22).

In order to apply the fitting procedure to the experimental data while neglecting the paring reaction,
the data has been adjusted. The combined yields of the xylene isomers were normalised to account
for 50 % of the measured toluene conversion. The yield of xylenes was then assumed to be equal to

the yield of benzene, hence the benzene/xylene ratio of 1 was obtained.

When paring reaction was considered and allowed to proceed inside the micro-pores, the data was
adjusted such that the initial benzene/xylene ratio of 1 was obtained, to be consistent with negligible
paring reaction inside the unmodified catalyst. It was not possible to simulate low benzene/xylene

ratios when starting at a initial ratio of 1.1

Quantitative comparison of the experimental data with the current model

Comparing the experimental data to the predictions by the model reveals that the general trends

of toluene conversion and shape selective performance of the catalyst are well described by the
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Table 4.5: Estimated reaction rate constants,

experimental data

without paring reaction | with paring reaction
ki (1077°) s+ 121 {1 +£0.93 %) 114 (1 £0.81 %)
ko st 207 (1 £261%) 287 (1:x26.7%)
ks (1073) s - 0.96 (14 56.4 %)
ky (1073) 51 3.62 (1+£109%) 3.44 (1 +12.1 %)
ks s—! 891 (1£361%) 8.63 {14+ 380%)
D/R? st 02 (1 £16.7%) 300 (1 +£168%)
o Si/nm? | 0.73 (1 £ 0.44 %) 073 {1+ 044 %)

simulations. The formation of excessive benzene is well predicted, but the generation via the paring
mechanism is subject of speculation. The model parameters are all uniquely determined, but the

largest errors still occur by fitting the parameters po, ps and pg as observed previously.

Provided that the Dammkéhler number, De = k7, and Thiele modulus, ® = /R%k/D, are constant,
the parameters p; to pg of the linear model can be scaled to fit the true experimental conditions, viz.
Tezp = 3.65. With the estimated parameters it is possible to quantify the values of the first order

rate constants &; to kg, D/ R? and o which are listed in Table 4.5.

The value for the diffusion time constant for toluene and also p-xylene, D/R? ~ 300s™!, is within
the expected range of 100 to 4000 s™*.

The ratio of the rate constants of external to internal reactions, ps, is approximately 0.3, i.e. 30 %
of the activity of the unmodified sample is located on the external surface. This value seems to be
too small when considering the particle size and surface area measurements of the crystals used in
this study (Section 4.2.2). Based on the fitting of random error data, this value is underestimated

by approximately 30 %, so a more reasonable value would be 0.4.

The reaction rate constant of the paring reaction is approximately 10 % of the rate constant for the
disproportionation of toluene inside the crystal. Over the unmodified crystals this reaction does not
play a significant role due to low conversions. At high silica loadings and thus increased diffusional

constraints however, xylene "dealkylation” accounts for the production of excess amounts of benzene.

The accuracy of the fit strongly depends on the number of sample points and could be improved
with increased number of experimental data. Furthermore, the intrinsic error of the experimental
data affects the precision of the fitting procedure. The experimental error increases with decreasing
conversion levels, due to inferior separation of the compounds and integration of the peak areas during
chromatographic analysis. This aggravates the fitting procedure, in particular when examining the

benzene/xylene and o-xylene/m-xylene ratios which could have larger errors.

The changes of the benzene/xylene ratio in the experimental data show a good fit. In contrast, the
o-xylene/m-xylene ratio cannot be satisfactorily fitted. This could either arise from wrong model
assumptions or inadequately chosen diffusion coefficients for the respective xylene isomers. Further-

more, the simplifications in the assumed reaction pathways could detrimentally affect the fitting
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procedure and more reaction steps should be considered. Detailed knowledge about the formation of
the trimethylbenzene and other secondary reactions which might occur inside the micro-pores and
the subsequent paring reaction of the polyalkylated species is required. The problem arises that these
secondary steps predict the formation of TMDB and poly-substituted aromatics which have not been
analysed in this study and thus, cannot serve to support the parameter estimation. Experimental
error, as laid out before, could account for unreliable data particularly at low conversion levels and

reduced o- and m-xylene fractions.

However, the model adequately describes the experimental trends and the fitting procedure allows
determination of the kinetic parameters of TDP over ZSM-5 crystals which all lie within the expected

orders of magnitude,



Chapter 5

Conclusions

In this present study the cyclic chemical vapour deposition (CVD) was employed to in-situ modify

the external surface of ZSM-5, using tetraethoxysilane (TEOS) as silica precursor.

e The catalytic properties of the unmodified and modified ZSM-5 were successfully studied with
two test reactions: (i) cracking of 1,3,5-triisopropylbenzene (1,3,5-TiPB) to probe the external
surface activity and (ii) disproportionation of toluene (TDP) to monitor internal activity and

changes in the shape selective properties.

e The reaction mechanism of TEOS on ZSM-5 powder was shown to occur analogous to the

mechanism of TMOS on zeolites, as proposed by (Niwa et al., 1988).

e At low temperatures, between 50 and 200°C, the dissociative chemisorption of TEOS on the
surface becomes product inhibited and the deposited amount of silica is limited to the reaction

of one adsorbed TEOS monolayer.

e The external activity was removed, as seen by the cracking of 1,3,5-TiPB, when approximately

one silica monolayer was deposited on the external surface.

e The interference of ethanol dehydration, occurring on the accessible acid sites of the catalyst

during the deposition, results in increased pore blocking.

¢ Pore blocking is detrimental to the catalyst’s activity for TDP and the effect increases with

higher deposition temperatures.
¢ The modification procedure of ZSM-5 powder was successfully extended to ZSM-5 pellets.

o Treatment at low temperatures, viz. 100 to 150°C, and many cycles obtained a highly shape
selective catalyst of 80% para-xylene selectivity, while maintaining high activity levels of above

10% conversion during toluene disproportionation at 450°C.
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e Improvement in para-selectivity is attributed to the introduction of diffusional resistances,
resulting in different effectiveness factors for the xylene isomers, rather than to the elimination

of the external surface activity.

s A fixed bed reactor model was developed which adequately describes the results for the dispro-

portionation of toluene on pellets and allows quantification of the kinetic parameters.
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Figure B.1: TEOS concentration curves for all deposition cycles on powder at all deposition femperatures.
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APPENDIX D. GAS CHROMATOGRAPHY

Table D.1: Specification of gas-chromatography

GC-type
Column producer
Column specifications

Length (m)

ID (mm)

film-thickness (pm)

Injector type

Split ratio

Carrier gas

Column head pressure (kPa)
Injector temperature (°C)
Detector type

Detector temperature (°C)

Varian Series 3300
SGE

25 Q C2 / BP-20-0.25;
Polyehtyleneglycol (polar)
25

.22

0.25

Split-injector

100:1

Helium

110 (16psi)

170

FID

250

Table D.2: Operation conditions for gas-chromatography

CVD TiPB TDP
Column T (°C) 65 55 150
Temperature program  isothermal isothermal isothermal
sample intervals (min) 5 10 10

Table 13.3: Specification of gas-chromatography for the analysis of the light gas fraction during CVD and

TDP.

GC-type
Column producer
Column specifications

Length (m)

ID (mm)

film-thickness (pm)
Injector type

Split ratio

Carrier gas

Column head pressure (kPa)
Injector temperature (°C)
Detector type

Detector temperature {°C)
Column temperature
programme

Varian Series 3300
Chrompack

CP-8il 5CB;

dimethylsilicon (non-polar)
50

0.25

0.4

Split-injector

100:1

Hydrogen

110 (16psi)

120

FID

250

Isothermal at -68, hold: 5 min,
ramp to -35°C at 15 °C/min,
hold: 1 min,

ramp to -5°C at 10 °C/min,
hold: 2.5 min,

ramp to 280°C at 5 °C/min,
hold: 40 min
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Cracking of 1,3,5-TiPB at 210°C
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Figure 13.2: GC-trace of full 1,3,5-TiPB-cracking run.
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Disproportionation of toluene at 450°C
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Figure 12.3: GC-trace of full TDP run.
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Pelists CVD 200°C, cycle 19
tos = 15 min, deposition step, T = 200°C
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Figure D.4: GC-trace of analysis of unretained compounds during TEOS deposition at 200°C.
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Pellets CVD 100°C, cycle 19, 80 min, heating step,
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Figure D.4: {continued) GC-trace of analysis of unretained compounds during the heating step (reactor
temperature approximately 250°C) of a TEOS deposition at 200°C.
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Dizproportionation of tolune a1 450°C
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Figure D.5: GC-trace of analysis of light hydrocarbons during TDP at 550°C.
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Figure E.1: Changes in first order rate constants for cracking of 1,3,5-TiPB and disproportionation of toluene

with increasing Si/nm?.



Appendix F

Methods

F.1 Reactor dead time

A Methane/Nitrogen mixture was used to determine the dead time of the reactor volume. This was
done at 50 and 400°C and flow rates which were applied during CVD treatments. The minimum
sampling interval was 10 s. 10 seconds after the reactor had been switched online the first sample
was taken. Methane concentrations of the effluent assumed the value of the bypass sample already in
the first sample. With the reactor volume of 7 cm® and a linear flow rate of 100 ml/min a theoretical

dead time of 4.2 s was estimated. The dead time of the reactor was thus considered negligible.

F.2 Isomerisation of para-xylene

Figure F.1 shows the results for the isomerisation of p-xylene over CVD treated silica gel. The mass
of the silica gel loaded into the reactor was chosen to resemble the adsorption surface area of the
pelletised zeolite samples. 5 TEOS-CVD cycles at 200°C were applied to obtain a silica surface as
it was deposited on the zeolite. The reaction data are given in Table G.16. A conversion of 10%
was obtained when the calculation was based on the bypass samples taken prior to the reaction.
Assuming 100% carbon balance for the experiment, the conversion level did not exceed 2%. The
scatter in the preliminary type experiment does not allow precise determination of rate constants.
It however appears that the isomerisation of p-xylene over SiOg at 450°C can be neglected in the
overall reaction scheme for TDP over CVD modified ZSM-5.
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Figure F.1: Isomerisation of p-xylene over CVD treated silica gel.

F.3 Correction for internal activity during TDP

From Figure E.1 the formation of a steady conversion plateau for TDP became apparent. In order
to separate the external contribution from the total activity, following "stable” activity levels (Table
F.1) were assumed and considered. Thus, the corrected normalised first order rate constant was

obtained:

kactuaef - kactim‘ty platean (F 1)

kY'DP, external = 2 %
overall ™ factivity plateau

Table F.1: Intrinsic activity plateaux

Series activity plateau (%)

50°C 50
100°C 50
150°C 30
200°C 20
300°C 10
400°C 0
Pel00°C 80

F.4 CVD on sand

The zeolite catalyst which was modified in this study was diluted with sand. Since TEOS also reacts
with silica, higher deposition amounts will be determined. In order to estimate to which extent this
might affect the accuracy of the mass balances during TEOS breakthrough, CVD was carried out
over a pure sand packing. 11 g sand were loaded into the reactor and 3 subsequent CVD cycles were
monitored at 400°C and 2 cycles at 50°C. The results are displayed in Figure 3.26 and Table F.2.
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Between 95 and 97% of the fed carbon were retrieved while ca. 7.5 and 4% of TEOS were converted
at 400 and 50°C, respectively. Assuming spherical sand and catalyst particles of 200 u and 250 nm,
respectively, the mixture of a 9 g sand + 0.5 g catalyst mixture gives an adsorption area ratio of
arelsand © 8r€dcaralyst = 0.2 1 99.8. Variation thereof is attributed to the size distribution of both sand
and catalyst particles which could have varied with each new reactor packing. It was thus decided
to relinquish a correction of the deposited amounts on sand for the determination of the deposited

amounts on the diluted zeolite samples.

Table F.2: CVD on sand

Temperature and cycles XTEOS (%) integral C-bal. (%) | o
(%) (%)
50°C, 1. 4.37 g7
50°C, 2. 4.06 97 0.21
400°C, 1. 8.19 94
400°C, 2. 7.77 94 0.60
400°C, 3. 7.01 95

F.5 Sample calculation for silica loading

At a TEOS partial pressure of 0.88 kPa, a absolute saturator pressure of 160 kPa and the total flow
rate of 92 ml/min, the TEOS loading of the gas stream can be calculated:

pi?}totaépo

NTEO§ = ——————=
Psoturator RTa

which yields 0.001225 mol TEOS/h.

The average adsorption/desorption surface area of the catalyst powder was 128.37 m?/g. The surface
ares, of 0.5 g catalyst is thus 64.185 m?. The silica loading at 100 % TEOS conversion per hour of
deposition over 0.5 g catalyst powder thus yields:

0.001225 x 6 x 102 partsTEos
64,185 nmid

= 11.49partsypos/nm?

With the assumption that each converted TEOS molecule is converted to a silica building unit the
silicon loading upon 100 % conversion equals 11.5 Si/nm?. This conversion factor allows conversion

of TEOS conversion to silica-loading.
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APPENDIX G. TABLES

Table G.1: Reactor temperature in °C during heating ramp.

runtime
{(min)

70
75
80
85
90
95
100
105
110
115
120
125

Series

T(°C)
50 100 150 200 300 400
51 100 151 200 300 401
63 114 167 217 323 427
81 151 206 250 368 478
106 201 256 314 424 520
147 259 312 373 482 550
196 316 367 432 520 562
2560 375 420 489 542 561
308 420 471 531 555 BB
365 485 523 55T b7
420 532 5BY
477 b5 564
530 561 560




Table G.2: Reaction conditions: Powder modified at 50°C.

O =4 n, Q ol ] Q o Q = o Q G ] k) o Q
4] o W h 2 Pt s~
= 9 @ 5 w5 5 3 2 g = =X = g
£ | = =~ g o ¢ o 2. =
2] 3% g = @ - — o
g‘ o’ o 5 "Q‘a“ = "g" QT
5 g | ¢ 8 e =t 8

5 = 8 g 5 8

o Sl sy o = o

g, = = g 2. X

w g Rt o+ R

S ) L,

2 e i

£
N - - : 7043 1.79 | 98.06 079 || 826 0436 | 10.11 034 | 1.13 | 21.53 031 | 5408 024 | 235 048 | 10071 950
1 | 1664 9766 1.91 65.46 2.04 | 102,65 2865 7.52 0.2 997 (008 1.18 | 21.78 018 | 5518 (.12 | 2303 0.186 | 9743 0.68
2 14.41 100.9 3.57 42.84 1.16 9943 0.44 6.56 011 ] 1036 0531 1.15 | 2227 018 54.61 0.18 | 23.11 0.2 101.67 3.82
3 12.23 102.5 497 30.83 1 89949 068 6.07 0.18 | 10.04 0.1 1.18 223 0.11 55.24 0.14 | 2265 0.22 | 9881 1.21
4 11296  98.39 6.46 1844 1.74 94.5 4.26 587 02311075 0541 1.16 1 2313 023 | 5531 053] 2156 0731 10141 388
5 11.23 10366 | 7.75 11.21 158 | 99.54 1.59 5.24 .13 ] 1114 011 ) 119 | 2437 0.9 55 0.25 | 2063 0.28 | 09.38 1.9
6 10.18  102.61 8.92 6.96 1.43 97.81 1.13 4.81 0.14 { 12.04 049 | 1.16 | 25.91 0.31 54.9 039 19.19 062 | 100.73 2.72
711217 102.37 | 10.32 3.83 1.89 | 10196 1.95 4.52 0.15 1 1331 049 ) 1.12 | 2823 022 54.47 0.15 173 0.36 | 101.88 2.9
8 11.61 G99.42 11.65 4.48 1.3 98.39 1.25 3.97 0.08 y 15,13 0.58 | 1.17 | 328 022 | 5224 0.11 ] 1498 03 99.97 1.99
9 | 11.67 102.52 13 251  1.31 | 10657 162 5.4 019 | 1513 054 | 1.25 1 3413 244 | 54.18 323 | 11.7 584§ 00.08 1.08
10 11.58  100.55 | 14.33 7.35  1.01 | 9551 1.28 4.6 0.1 | 1812 026 ] 1.22 | 40.25 024 | 4779 03 11.97 036 | 100,12  0.53
11 9.22 104.48 | 15.39 5.18 1.08 08,85 1.26 4.21 0.09 | 2067 0951 1.16 | 4477 028 | 4439 047 | 1084 084 | 10041 3.15
12 1 13.59 9662 | 16.95 4.24 05511934 413 ) 1.74 | 5088 043 | 4025 0251 878 033 | 91.49 8.09
13 ] 14.86 99.3 18.66 3.55 0121 2476 1.17 | 1.35 1 5803 056 | 3544 (.58 | 653 0.08 | 96.77 343
14 | 1299 9555 | 20,15 4.42 06 | 2113 298 1.82 | 589 342 13498 2941 612 (078 86.28 2.87
15 | 15056 9647 | 21.88 4.24 0.2 22.6 181 1 1.89 | 6496 078 | 20.88 0.79 516 033 ] 9521 4.68
16 | 1557 94.34 | 23.67 3.95 0.21 1 2229 1.76 | 228 | 7266 058 | 2396 053 3.38 017 | B5.96 3.23
17 1 1185 97.04 | 24.99 (475) 0.5 | 17.86 317 ] 32217347 068 | 2364 049 | 289 048 | 81.03 5.54
18] 9.98 98.62 | 26.14 (6.76) 1.76 | 11.22 4.7 | 662 | 7408 0.71 22.8 0.81 312 032 71.39 9.38
16 | 1088 9785 | 27.39 (5.66) 1.95 11 7.77 | 5.69 | 81.84 10,19 | 1634 9.17 1.82 1.07 | 84.16 16.68
20 1 1098 96.57 | 28.65 16.51  4.11 91.22 3.7 4.07 2.01 | 1076 32 7.22 | 81.64 2.15 1747  1.52 0.9 1.04 0 a
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Table G.3: Reaction conditions: Powder modified at 100°C.
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- - - - 6623 1.7 | 9291 164 8 0.04 | 969 0.7 | 1.21 | 21.41 008 | 5525 041 | 2334 0.45 | 94.32  1.67
1 ]2285 9414 | 263 || 3504 4.19 | 10097 435 576 002| 10 014 1.19 | 21.9 013 | 5526 034 | 2284 046 | 9583 1.75
2 | 16.04 99.23 | 4.47 || 2837 1.35 | 9695 3.7 || 558 0.05| 987 027 ] 1.24 | 2209 0.04 | 5457 038 | 2335 038 | 93.81 115
3| 136 10577 | 6.03 || 19.20 237 | 99.08 463 | 54 004 | 1007 038 | 1.22 | 2241 031 | 5476 023 | 22.83 0.31 | 9404 1.76
4 | 1425 9933 | 7.67 || 1286 1.09 | 9667 0.7 | 520 006 | 1031 027 1.25 | 23.15 0.17 | 5479 049 | 22.06 0.5 | 92.44 2.09
511533 981 | 943 | 1443 162 | 934 209 51 01 [ 1057 049 131 | 244 03 | 5424 0431|2136 051 | 9091 3.06
6 | 13.12 10019 | 10,93 || 1553 1.02 | 88.07 187 | 501 013 | 11.12 048 | 1.35 | 2600 034 | 54 069 | 1991 08 | 8846 17.31
7 | 1858 9888 | 125 || 661 114 | 9717 3.85 ! 5.00 016 | 1206 063 | 141 | 2004 026 | 53.18 0.41 | 17.77 033 | 91.09 348
8§ | 1495 978 | 1421 || 515 1.72 | 9706 3.6 || 424 0.19 | 1331 081} 1.56 | 3397 049 | 51.06 033 | 1497 067 | 89.27 3.42
9 | 1477 99.26 | 1591 || 672 097 | 9713 45 || 437 02 | 1448 09 | 1.71 | 3011 056 | 4766 1 | 1323 147 | 85.904 3.23
10 | 1748 9755 | 17.92 || 316 1.75 | 9878 317 || 47 048 | 1500 1.84 | 21 | 4606 0.72 | 4375 079 | 10.19 048 | 81.04 6.75
11| 1276 98.17 | 10.38 391 008 ]1998 078 | 1.73 | 5454 0.96 | 3846 0.4 7 1059022 1.3
12 | 1295  97.84 | 20.87 362 02 2104 157 1.9 |60.76 0553351 044 | 573 077 | 8715 211
13 | 15.15 9655 | 22.61 352 016 | 2392 124 | 177 | 6622 087 | 2888 087 | 49 016 | 87.79 285
14 | 16.87 93.66 | 24.55 348 014 | 23.83 126 | 202 | 71.7 061 | 2469 039 | 361 066 | 8472 249
15 | 1489 9592 | 26.26 364 0202437 1.55| 204 | 7393 224 | 2362 214 245 029 | 7975 261
16 | 1475  98.08 | 27.96 342 015 ] 2358 128 | 229 | 7732 065 | 206 067 | 208 0.12] 1045 3.05
17 | 1399 973 | 2957 344  019] 232 1.5 | 239 | 7831 098 | 1936 071 | 234 033 | 7476 212
18 | 14.67 96.46 | 31.25 (7.32) 56 | 1263 658 | 924 | 7864 3.34 | 2015 387 | 1.2 1.04 | 4993 11.18
19 | 1492 9524 | 32.97 330 0512113 373 297 | 81.8 0.77 | 17.27 082 | 093 093 | 70.98 293
20 | 12.3  98.87 | 34.38 (6.93) 47211103 6.1 | 1052 | 8344 336 | 1536 409| 1.2 194 | 5811 1179

PGl

SHTEVL O XIANHddV



Table G.4: Reaction conditions: Powder modified at 100°C (aborted series).
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Table G.5: Reaction conditions: Powder modified at150°C.
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3 |11.44 983 | 471 | 581 227 |10316 179 || 443 002 | 11.54 005 | 1.08 | 24.02 0.18 | 545 04 | 2148 046 | 99.84 2091
4 | 961 10274 | 582 | 652 0.62 ] 9886 1.21 || 412 006 | 1224 003 | 1.09 | 2558 0.14 | 53.96 027 | 2046 03 | 101.06 0.73
5 | 1148 9064 | 7.13 || 852 331 | 93.63 353|365 028 1431 1.31]1.02 | 288 061 53 101 182 158 | 9778 1.93
6 | 1054 9994 | 835 | 332 155 995 2931 36 003 1501 024 ] 1.12 | 3177 048 | 51.79 0.69 | 16.44 053 | 9895 1.93
7 | 1484 9391 | 10.05 348 001 | 1674 021 | 1.12 | 35.45 037 | 5047 023 | 1409 037 | 9814 157
8 | 1148 97.66 | 11.37 3.44 002 | 1851 0.28 | 1.14 | 39.68 0.54 | 47.29 083 | 13.02 069 | 96.79 1.6
9 | 1021 9868 | 12.54 3.22 0.05 | 20.66 049 | 1.16 | 44.61 030 | 4479 095 | 106 1.09 | 9543 3.66
10 | 11.02 9802 | 13.81 3.2 0032275 065|121 | 50.16 0.64 | 4092 063 | 893 037 | 9289 201
11| 1011 99.23 | 14.97 3.03 0042526 088 1.23 5626 08 |36.71 051 | 703 038 9293 269
12 99 9828 | 16.11 305 007 | 2629 108|134 |61.36 139 |33.05 102 56 1.06 | 9494 3.52
13 | 11.87  96.09 | 17.47 294 006 | 2793 149 | 1.36 | 65.78 054 | 2037 067 | 485 0.24 | 91.91 2.29
14 | 1229 9579 | 18.88 297 008 | 2846 1.21 | 1.42 | 68.79 1.17 | 2734 046 | 387 081 | 96.13 1.27
15| 109 9805 | 20.14 3.04 013 | 2777 215 1.58 | 7185 082 | 2472 059 | 3.93 032 | 9059 43
16 | 11.07  94.53 | 21.41 2.31 013 | 2577 233 | 1.95 | 75.57 069 | 21.53 056 | 29 07 | 9048 291
17 | 1031 97.18 | 22.59 261 048 | 22.67 377 | 252 | 7777 0.7 | 1997 0.75 | 225  0.15 | 8356 592
18| 978 9778 | 23.72 249 084 | 2043 624 | 33 | 7814 036 | 1971 046 | 216 031 | 8419 7.75
19 | 1085 97.08 | 24.96 2.53 034 | 1819 345 | 3.46 | 79.11 156 | 1894 116 | 1.95 066 | 7959 9.16
20 | 1052 944 | 2617 167 013 | 2533 225 | 2.32 | 8368 169 | 15679 158 | 0.53 072 | 87.83 1.89
21| 1209 958 | 27.56 161 014 | 253 201 |225|81.96 1081669 1.07| 136 1.05| 901 071
22 | 839 9884 | 2852 165 0.3 | 2296 194 | 2.56 | 81.68 195 | 17.22 1.8 | 1.1 072 | 894 187
23 | 12.00  96.02 | 29.91 1.55 0.12 | 2249 1.75 | 2.66 | 82.35 1.03 | 1687 09 | 0.78 0.75 | 89.24 247
24 | 1223 96.74 | 31.32 182 023 | 1834 239|342 |80.13 068 | 1876 0.27 | 1.11 07 | 849 266
25 | 1261 9645 | 32.77 175 016 | 1768 163 | 3.51 | 79.67 242 | 1907 258 | 1.26 081 | 81.6 1.15
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Table G.6: Reaction conditions: Powder modified at 200°C.
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B - 8286 116 | 96.79  1.75 || 9.79  0.13 | 10.21 0.04 | 1.00 | 21.36 0.12 | 55.18 048 | 2346 0.53 | 100.73  1.01
1| 3031 100.65 | 348 || 11.91 2.82 | 103.74 2.14 [ 3.95 005 | 11.05 034 | 1.08 | 2303 0.7 | 5478 048 | 2218 1 | 10348 135
2 11909 9934 | 568 || 377 218 | 9959 261 || 3.13 0.03 | 1144 008 | 1.09 | 2393 0.20 | 5498 068 | 21.09 042 | 96.89 0.72
3| 158 10002 | 75 || 336 095| 988 129 | 287 0.03 | 1206 022 | 1.09 | 2519 048 | 5551 0.74 | 19.3 089 | 99.62  1.42
4| 1255 10249 | 894 || 423 082 | 9426 061 || 273 002 | 1291 006 | 1.11 | 2722 0.14 | 5468 079 | 181 076 | 102.78 1.16
5| 1422 9581 | 10.58 25 004 | 147 008 | 1.12 | 3116 0.58 | 53.62 0.87 | 1523 0.5 | 103.02 2.4
6 | 1233 98.82 | 11.99 2.43 005 | 161 041 | 111 | 3402 06 | 5274 04 | 1325 03 | 10088 133
7 | 1077 99.87 | 13.23 24 004 | 1871 045 | 1.16 | 40.6 1.49 | 4964 1 | 9.76 241 | 101.97 3.64
8 | 11.35 98.47 | 14.53 2.23 0.07 | 21.38 0.86 | 1.23 | 47.52 0.68 | 43.42 067 | 9.06 034 | 10094 1.95
9 | 1298 96.21 | 16.03 222 0122286 149 | 1.32 | 5275 1.2 | 3971 093 | 7.54 042 | 10097 3.09
10 | 11.31  97.54 | 17.33 223 017 | 2453 211 | 1.35 | 57.35 142 | 366 132 | 6.05 042 | 9933 3.14
11| 107 98.17 | 18.56 185 032 [ 24.22 4.9 | 169 | 64 117 | 3129 058 | 471 066 | 9572 44
12| 9.22  101.32 | 19.61 1.82 055 | 24.56 6.77 | 204 | 69.42 074 | 273 07 | 3.28 022 | 9435 7.83
13 | 8.86 100.15 | 20.63 1.82 065 | 2456 7.26 | 2.21 | 7208 141 | 2514 1.23 | 279 072 | 9406  7.09
14| 1024 985 | 2181 111 003 | 3192 069 | 1.26 | 73.31 062 | 2401 0.76 | 268 0.14 | 99.44 1.2
15| 69 1018 | 22.6 192 098 | 2198 863 |3.27 | 7662 249 | 2162 203 | 176 121] 911 10.23
16 | 12.85  95.52 | 24.08 22 168 | 21.17 1041 | 4.05 | 73.59 094 | 2404 129 | 2.37 044 | 8929 1444
17 | 891 10013 | 25.1 234 202 | 1979 10.60 | 549 | 80.3¢ 176 | 1887 199 | 0.79 1.1 | 86.98 16.49
18 | 1146  97.23 | 26.42 223 1.89 | 19.58 10.44 | 5.86 | 81.51 26 | 1849 26 | 0 0 | 87.69 1599
19 | 1115 978 | 277 272 2.04 | 16.61 1067 | 6.89 | 81.11 4.14 | 1889 414 | 0 0 | 7971 1568
20 | 1435 94.26 | 2935 31 231 ] 1582 9.87 | 614 | 7972 541 | 1951 503 | 077 171 | 79.07 1718
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Table G.7: Reaction conditions: Powder modified at 300°C.

% %«4 '% % §<§ S & S gd 9 'g 9 'g«‘ ’8} ] ?ﬂ Q 8,) 9 g ]
RN A g 5 SR = S g
- p : : 2T E = .
5| X 8 5. £ 5 ~ g
8 5 5 ] - £ g
& g | = 2 g < 2

S| @ g 2 : £

g | ¥ S g £ S

g B, ~ g &

S M &

&
- - - - 73.05 1.83 | 9763 278 7.4 0.1 | 1022 005 | 1.12 | 21.65 0.22 55 0.48 | 2335 061 | 10114 1.37
1 | 6859 9227 7.88 13.79 224 1 9717 334 || 369 006 | 11.57 0.06 | 1.13 | 2468 022 | 5452 079 1] 2081 058 | 1011 1.75
2 14201 8918 | 1271 508 1661 9986 1.26 j 282 005 | 1476 017 | 1.156 1 31.74 0.35 | 5246 1.14 | 158 1.4 99.84 1.5
3 379 90.54 | 17.06 463 203 9847 194 || 248 0.04 | 199 028 1.14 | 4248 019 | 4588 029 | 1164 0.21 1004 1.39
4 29.8 10081 | 2049 || -0.17 099 | 10197 38 1.85 0.04 | 2726 023 ) 115 58.81 0.38 | 3437 058 6.82 047 | 101.07 058
5 | 3426 100.53 | 24.42 1.56 008 | 31.54 094 | 1.18 | 68.95 139 | 2632 1.24 | 473 1.6 | 11149 186
6 | 2691 9872 | 27.51 1.38 004 | 3374 076 | 1.15 | 7332 0.76 | 2383 0.68 | 285 (.15 9836 1.13
7 12239 99.46 | 30.09 124 003 349 066 1.16 | 7658 064 | 2141 058 201 072 | 10175 1.51
8 20.9 98.02 | 32.49 111 002§ 3584 064 | 131 ] 833 082 16 1.2 0.7 069 9957 091
9 | 2436 9241 | 3529 097 0043672 166 | 1.31 | 8538 162 | 1482 1.62 0 0 10649 071
10 | 1646 9989 | 37.18 079 0.02 | 3736 179|137, 896 378! 104 378 0 0 98.81 1
11 | 16.52 98.01 | 39.08 0.75 002 3611 174 | 141 88 0.16 i2 0.19 a 0 98.09 1.09
12 ) 1448 98.3 40.74 .63 0013601 063134 86 176 134 176 0 0 99.76 1.24
13 | 2039 91.11 | 43.08 0.54 0.01 | 38.25 3 141 19481 6.3 5.19 6.3 0 0 1004 1.12
14 | 1551  96.13 | 44.86 049 002 3444 063 | 1.41 | 8592 087 | 14.08 0.87 0 0 10118 0.9
15 | 14.87 9659 | 46.57 0.46 003§ 3113 23 | 162 84.92 138 | 1508 1.38 0 0 99.77 212
16 | 12.86 9718 | 48.05 0.42 001 | 3147 13 | 1471 8146 05 | 1854 05 0 0 9945 0.55
17 | 12.84 9649 | 49.53 038 001 | 3081 126 139 791 1.01| 208 101 0 0 100.16  0.54
18 | 12,57 Oh.88 | 50.97 033 002 2768 223 | 2.54 100 0 0 0 0 0 9966 1.24
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Table G.8: Reaction conditions: Powder modified at 400°C.

a 5 @ Q a Q Q ] a = 3 Q q o Q a S
1 F ElE|S : 3 % Tz % = 2
& i ] ® 5 & =, I3 o - 5
= | & e | s | ® 5 : g g | & & 3 5
& — = & 5 - N &
g g m = o b =

5 = 8 g & 3

g | 5 = g & 5

0 = d -+ it

5
- - - - 84.43 1.98 | 10181 3.69 || 889 (.13 ] 1032 0.08 | 1.09 § 2154 0.12 55 0.26 | 2345 032 | 9014 0.62
1 100 101.89 | 11.49 | 4733 1.19 | 93.98 1.02 1§ 697 032 1032 004 | 1.09 | 21.58 0.07 | 54381 042 | 2361 046 | 98.68 3.66
2 | 98.96 1061 | 22.86 | 1747 131 9484 100 | 458 024 1169 026 | 1.13 | 2493 032 | 5508 0421 19495 0.51 | 10046 45
3 | 8454 103.61 | 32.57 4.84 1.24 | 96.01 1.15 4 2.88 0.06 | 2117 0.34 1.2 | 4665 047 | 4213 044 1 11.22 0.72 | 0892 1.46
4 1 7112 102.84 | 40.75 2,74  0.51 98.33 071 217 002 30,75 006 | 1.22 | 68.51 0.3 | 2707 05 4.42 045 | 106.42 1729
5 87.9 96.43 | h0.85 071 0.02 | 3444 051 | 1.35 | 8206 159 | 1622 045 1.72 1.28 | 988.32 1.68
6 | 59.64 98.35 57.7 0.44 002 3267 078 154 | 8535 3.8 1457 368 | 0.08 0.19 100.6 1.24
7 47.6 93.86 | 63.17 .31 001 | 3025 049 1.46 | 79.52 2.66 { 1859 141 1.9 2.6 99.45 1.6
8 | 3858 9737 67.6
9 | 32.63 97.7 71.35
10§ 20,11 984 74.7
11 | 26.83 97.6 7778
12 ] 26.83  97.48 | 80.86 011 004 | 2169 558 1.1 57.12 0.91 | 42.88 0.91 0 0 99.86 2.82

691



Table G.9: Reaction conditions: Pellets modified at 100°C.

o o @ o = o I
g gy a% 2 :;gc Q % S g ES E B g ?’3 Q a B & & ?é; Q
) o i e
A A : - 5 E :
51 9 2 9 g o = g
3 - T - E é £ 3
= 5] N B = = &

i "(B o ] D [

o = e 2 = o~

53 o X & A, S

2 E: = it &

Ev

8| s

=
- - - - a7.51 079 80.02 1.31 15.15 1.5 16,31 004 | 1,13 | 2197 0.438 55.9 0.36 22.12 0.7 102.36 1.8
1 17.62 95,26 2.14 95.91 0.7 82.26 3.2 1428 073 ] 1036 0.08 | 1.12 | 21.99 0.7 56.08 0.5 21.93 1.19 103.68 1.9
2 16.85 94,78 4.2 82.18 2.5 88.64 311 13.03 108 | 1034 006 | 1.12 | 2199 061 | 8591 .48 22.1 1.45 238.34 22.89
3 17.52 43.69 6.33 5745 5.84 98.03 3.2 13.41 068 | 1044 0.04 | 1.11 | 2205 0.15 | B5.83 0.34 22,12 0.89 102.81 2.89
4 15.83 05.43 8.26 35.8 9.08 96.63 0.66 12.81 0.8 1048 0068 | 1.12 | 2226 117 56.1 1.44 21.64 4.72 102.41 2.9
5 16 34.6 10.2 21.85 B.67 97.93 1.08 12.58 237 | 1054 0.05 | 1.12 22.3 1.02  BREB 0.67 21.84 2 103.01 3.87
6 16.83 83.72 12.25 9.35 a.52 | 10141 175 1244 1.09 10.6 0.03 | 1.12 | 22.42 0.4 55.8 0.51 21.78 1.56 102.67 319
7 14.74 85,1 14.04 5.02 3.46 | 101.38 251 12.26 0.8 1063 001 | 1.12 | 2255 044 | 5574 0.17 21.71 0.84 105.43 1.93
& 14 95.91 15,74 9.4 2.27 94.75 2.17 12.05 1.48 | 10.66 0.04 | 1.14 | 22.82 (.68 | B5.58 0.4 21.6 1.07 103.63 1.58
g 14.71 95.04 17.53 2.36 3.39 | 101.27 3.6 11.83 076 | 1111 008 ] 1,13 | 2371 131 | 56.03 2.09 20.26 7.13 102.79 2.48
10 ] 1341 86,08 19,16 0,07 1.84 | 102.23 1.65 11.92  1.01 11.8 0.07 | 1.13 25.1 0.65 | 56.63 (.35 18.27 1.0z i07.03 8.534
11 11.51 97.73 20.56 117 1.84 1278 013 ) 1.14 | 27.38 272 | B71.37 0.39 15.26 4.17 211.85 34.81
12 ] 13.22 96.1 2217 12,21 088 | 1446 017 | 1.12 | 3087 096 | 5817 0.59 13.16 2,82 105.22 2.82
13 | 10.88 98,08 23.5 11.79 1.2 1714 0.12 | 111 | 36,18 0,57 | K341 0.6 10.41 1.65 106.11 3.35
14 | 11.05 97.41 24.84 1149 1,11} 20072 023 | 1.12 | 43.93 048 | 4797 .78 8.1 2.91 103.17 3.51
15 9.63 98.76 26.01 1142 1.26 | 2448 034 | 1.12 | 51.84 1.09 41.8 1.51 6.36 3.49 100.35 2.02
16 | 12.56 94.67 27.54 11.42  1.24 | 2797 0.28 | 1.12 | 59.23 0.95 | 35.93 1.54 4.84 6.56 104.32 2.87
17 | 11.58 96.47 28.95 11.3 1.85 | 31.02 0.4 1.12 65.7 .93 | 30.56 1.45 3.74 5.07 103.36 3.12
18 | 11.13 96.41 30.3 11,52 2.34 | 33.07 049 | 1.12 | 70.18 1.4 26.89 3.31 2.94 4.48 111,36 18.03
19 | 10.61 96,87 31.59 11.53  2.01 | 3447 018 | 1,12 | 73.25 0.7 24.2 1.95 2.55 8.53 102.65 3.69
20 9.18 98.78 32.71 1104 0.88 | 3591 039 | 1,11 | 7564 095 | 22.27 3 2.1 9.65 103.3 2.81
21 11.02 95.04 34.05 10.71 2.1 3694 049 ] 1,13 | 7866 1.08 | 19.78 3.66 1.56 19.13 100.82 3.67
22 1 11.36 96.16 35.43 1048 2.31 | 37.57 0.1 1.13 | 79.88 (.85 | 18.72 3.53 1.4 12.61 100.44 3.01
23 8.08 98.57 36.52 10.17 288 | 3778 041 1.16 | 81.72 (.92 | 16.97 3.12 1.3 19.4 105.18 1.71
24 | 11.58 96.01 37.83 9.64 2.43 | 3807 0.3 1.18 | 8294 068 | 15.88 3.51 1.18 11.9 97.6 2.06
25 | 12.33 94.19 39.43 8.8 3.29 | 37.85 0.4 1.21 | 83.68 0.79 | 15.39 4.11 0.93 15.79 99.92 3.27
26 5.36 107.85 | 40.08 7.84 3.32 | 37.62 0.21 | 1.25 | 84,69 0.67 | 14.71 4.74 0.61 68.31 100.74 2.68
27 8.61 86.55 41.13 6.97 2.35 | 36.94 0.5 1.31 | 85.16 Q.97 | 14.29 4.32 0.55 61.79 100.61 2.92
28 10.8 94.25 42.44 5.81 4.15 | 36.32 0.4] 1.42 | 87.83 0.92 11.7 7.85 0.47 124.14 | 109.22 6.24
29 | 10.51 94.33 43.72 5.08 2.85 | 35.88 0.11 1.44 | 87.45 0.55 | 11.82 4.44 0.73 19.84 111.45 0.86
30 ] 11.42 93.21 45.11 4.44 1.85 | 35.89 0.02 | 1.46 | 88.29 0.11 11.28 2.62 0.44 86.65 101.83 1.37
31 89.82 94.07 46.3 4.02 1.55 | 3548 0.05 | 1.46 | 87.56 043 | 11.77 3.78 0.67 9.77 109.31 0.47
3z 9.82 94.38 47.5 3.59 0.58 | 36.86 2.73 1.48 | 9147  6.08 7.86 77.43 0.68 98.43 102.87 3
33 5.96 84,45 48.71 3.20 2.16 | 35.51 0.1 1.51 | 89.04 1.11 | 10.96 9.02 0 0 100.2 2.13
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Table G.10: Reaction conditions: Pellets modified at 200°C.

O oy <R 9 o Q 9 o Q e} o Q > o Q o g
5 E;: % & ? 24 §< e g w 5{7(,: tn B
5| @ 3 8 % g s 4 B 3 = = g
=| & £ | ¥ ® = : 2 s | < = = 5
ER IS 3 g, g N < g
g 7 =2 = g v = E
= 3 o 2 e “, 2

b= ”{}3 o o] @ [+

o < = = & =

2 5 & g 2, &

g g, =

3 - B

R
- N - : 0446 299 | 78.68 3.73 || 14.20 049 | 1023 002 | 1.08 | 21.33 0.17 | 565.87 0.15 | 22.81 0.42 | 101.85 2.77
14752 9619 | 578 || 982 5041 | 999 255 | 603 047 | 1044 004 | 1.09 | 21.87 0.35 | 55.68 0.36 | 2245 121 | 59.84 1.66
2 12033 9731 825 | 6.85 4552 | 94.83 363 | 566 1902|1035 003 | 1.14 | 2216 0094 | 5548 1.53 | 22.36  2.89 | 100.57 351
311723 969 | 1035 || 2.26 20005 | 98.57 4.63 || 519 077 | 1034 006 | 1.13 | 2202 0.84 | 5575 0.6 | 2224 207 | 109.57 3.51
4 | 1755 94.34 | 1248 47 047 | 1054 003 ] 1.11 | 2223 027 | 55.60 0.34 | 22.08 087 | 109.57 3.51
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Table G.11: Reaction conditions: Pellets modified at 200°C (reproducibility run).

9l

o ’ g 2, ¢ 3 G 9 Q - q = ) 9 Q o Q g Q
- S - : 9 X gz B = :
= 8 % . 3 g 3 5 SIS 3 X g
2 @ g 5 & = 3 *{% o < = < =
g & & g % 3
= o] sy ) g = )

=) 2 @ a g @

] g, .

8 ~ N

2
- - - 96.97 0.9 86.48 199 || 1297 209 | 1044 004 1.1 | 2191 0.21 | 5585 063 2223 18 1013 148
1 | 59.66 10292 7.25 1218 32.92 9462 3.12 4.65 1.87 | 1031 007 | 1.19 | 2262 0.95 | 5581 1.08 | 21.57 3.27 | 10421 3.09
2 12111 10211 ) 9.82 227  106.09 | 101.21 2.58 3.97 36 | 1037 014118 | 226 1351 563 075 211  2.73 | 10057 1.3
3| 19.18  99.20 | 1215 5.14 37.65 96.57 1.19 347 149 | 1047 017 ) 1.19 | 2295 0.39 | 5608 1.14 | 20.98 293 | 9846 2.78
4 | 18.37 98.25 | 14.39 3.25 1.53 | 1063 013§ 1.18 | 23.18 1.17 | 56.17 1.89 | 2085 592 | 1004 1.75
5 | 1751 9848 | 16.52 2.99 1.82 11085 0111 1.19 ) 2377 091 | 562 1.04 | 20.03 3.79 | 10069 3.75
6 | 17.88 96.57 | 18.69 (6.53) 2.09 | 1059 0.13 | 1.17 | 2297 0.77 | 5593 096 | 21.1 2.58 | 100.16 2.11

SHTEVL O XIANHddV



163

Table (G.12: Reaction data of 1,3,5-TiPB-cracking over unmodified pellet

samples {reaction temperature = 210°C}.

runtime || X, runl  C-bal, runl || X, run 2 C-bal, run 2
(min) % T % %
5 100 5.83 100 16.72
10 100 30.91 100 55.72
i5 100 71.43 99.23 81.2
20 98.71 85.73 88.16 86.59
25 §97.49 88.69 97.46 83.67
35 96.57 89.68 96.68 87.76
45 96.14 85.04 96.69 86.39
55 95.01 86.53 §95.88 87.98
65 094.8 86.36 96 87.83
75 94.24 87.37
85 93.46 90.7
95 92.97 92.53
105 93.27 50.62
115 93.47 89.88
145 81.77 92.09
150 92.67 91.54
175 80.66 91.13
180 90.33 94.65
195 91.06 83.83
205 90.46 g91.1
210 90.01 93.01
235 88.59 95.27
240 89.54 93.25
265 89.06 93.92
270 88.46 96.36
275 89.52 92.7
295 89.33 §2.22
300 87.59 96.29
305 88.41 95.66
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Table G.13: Reaction data of kinetic studies of toluene disproportiona-

tion over powder samples {toluene partial pressure = 13.4 kPa).

'-%"
5, &3 B E;
E £ = g & <
g F 8 g ., T
°C g ml/min | kPa  kPa % % % %
unmodified powder sample
450 1 051 49 150.2 157 | 22.05 5625 217 1.59 1.13
2 051 49 150.2 1567 | 22.86 5447 22867 | 145 1.09
3 051 49 150.3 157 | 22.75 5522 2203 | 1.43 1.07
4 051 93 149.9 1626 | 23.23 56.18 2055 | 083 098
5 051 93 150 1624 | 23.32 56.03 2065 081 0.99
6 0.51 93 150 1625 | 2335 544 2225 081 0.94
7 031 127 149.8 169.1 | 2339 5448 2213 06 0.88
8 051 127 149.8 168.8 | 2458 553 2012 | 059 0.9
9 051 127 149.7 1689 | 24.35 5599 1967 | 06 0.9
10 0.51 a3 149.9 1624 | 24.02 5368 223 | 0.79 0.96
11 0.51 96 150 1625 | 2297 5374 2329 08 0.99
12 0.51 a3 149.9 1624 | 23.57 5555 2088 | 0.78 1
13 0.51 49 149.9 156 | 22,28 54.94 2279 | 135 1.02
14 0.51 49 149.8  156.2 | 24.31 549 2079 | 1.33 1.03
15 0.51 49 149.8 1558 | 21.76 53.72 2452 | 1.34 1.02
186 0.51 14 1497 151 | 21.37 558 2273 | 377 104
17 0.51 14 149.7 150.8 | 21.04 5632 2263 | 3.78 1.03
18 0.51 14 149.8 150.2 | 21.81 bB5.46 2303 | 3.73 1.05
19 0.51 49 149.7 155.7 | 21.86 54.33 238 1.31 1
20 0.51 49 1407  155.0 | 22.58 55.24 2218 | 1.29 1.03
21 0.5 49 149.7 156 | 22.22 56.23 2155 | 133 099
500 1 0651 49 150.2 1571 | 21.86 5547 2267 3.51 1.09
2 051 49 150.4 157.2 | 21.80 5514 2297 | 352 1.05
3 051 49 1505 157.3 | 21.44 5418 2437 | 3.49 1.05
4 0.51 93 150.2 163.3 | 234  54.6 22 1.98 1.08
5 051 a3 150.1  162.9 | 21.88 5503 23.09 2 1
6 0.51 93 160.1 163 2265 54.76 2259 1.99 1
7 051 127 150.2 1695 | 2289 53.2 2391 | 147 1
8 051 127 150.2 1693 | 2346 5475 2179 146 099
9 .51 127 150.1 169 23.29 5455 2216 1.51 0.95
16 051 93 150.2 1633 | 2276 5545 21.78 | 2.08 1.02
11 0.5l 96 150.2 16832 | 2245 5b.27 2228 | 2.08 1
12 051 93 1502 1632 | 2253 5583 2158 | 2.09 1.02
13 051 49 150.2 1573 | 21.74 56.21 2205 | 347 1
14 051 49 150.2  157.2 | 21.7 B521 2300 35 1.02
15 051 49 150.2  186.9 | 21.92 5511 2296 | 351 1.03
16 0.51 14 150.1 1519 | 20.89 5561 2341 1008 108




Table G.13: continued

T {(°C) mass flow Dy psat p-8 m-3 o-3 | X-Tol B/X
17 051 14 180.2  152.1 | 20,7 5572 2358 | 9.92 1.05
18 0.51 14 150.3 152 21 55.57 2343 | 996  1.06
19 0.51 49 150.2 157 | 2041 5714 2245 374 1.04
20 051 49 1501 1571 ) 2171 5569 226 3.56 1.03
21 051 49 1502 1571  21.86 5545 2269 3.57 1.02

550 1051 49 149.8 1577 | 21.2 5511 2368 | 867 1.12
2 0.51 49 149.8  157.7 | 21.15 5505 238 | 942 1.09
3 051 49 149.8 1577 | 21.34 5439 2427 | 928  1.08
4 051 93 149.6 1635 22 55.39 22.62 | 558 1.08
5 051 43 148.7  163.1 | 21.85 549 2315 | 558 1.08
6 0.51 93 1497 162.8 | 21.75 5466 23.58 5.9 1.02
7 051 127 1497 1711 | 22.59 5535 22.05 | 3.61 1.08
8 051 127 149.9 172 | 22,18 5458 23.23 | 3.53 1.07
9 0.51 127 149.¢ 1718 | 2271 B4.1  23.19 3.47 1.07
10 051 93 149.9 164.6 | 21.81 55.07 2312 | 499 1.038
11 051 96 149.6 1643 | 21.77 55.12 23.11 5 1.06
12 051 a3 149.6  164.3 | 22.05 5527 2268 | 501 1.07
13 0.51 49 149.9 1586 | 21.09 555 2342 | 853 1.06
14 051 49 1498 1585 | 21.18 5466 2417 | 85 1.07
15 0.51 49 150  158.4 | 21.23 b54.8% 23.87 | 851 1.07
16 0.51 14 1497 1528 | 204 5525 24.35 | 21.16 1.14
17 051 14 149.8 153 | 2071 55.18  24.11 | 21,18 1.13
18 0.51 14 146.6  152.9 | 206 55.01 24.39 | 211 1.12
19 051 49 149.8 1586 | 21.22 B85.07 2371 | 844 107
20 051 49 149.7 1585 | 21.26 5515 236 | 841 1.07
21 051 49 149.8 1885 | 214 5507 2353 841 1.08

reduced catalyst mass of powder sample

550 1 011 49 149.9 1646 | 2743 50.86 21.72 | 1.12 1.83
2 011 49 152.2 1674 | 25,57 B1.82 22,61 | 347  8.17
3 011 49 151.2 185.6 | 27.67 50.83 215 | 202 507
4 011 a3 162.5 1635 | 2034 5157 19.09 | 1.14  3.52
5 011 93 162.7 163.6 | 2747 52.76 19.77 | 1.02 287
8 011 93 1628 163.7 | 2820 5263 19.08 | 096 243
7 011 127 146.7 1473 | 2777 537 18582 | 119  2.2B
8 011 127 146.7 1473 | 2712 5178 21.08 | 1.11 2.07
a 011 127 146.9 1475 | 26.04 4925 2471 | 1.09 1.98
10 0.11 93 120 1203 | 25.06 5272 2223 ) 164 214
11 011 96 126.2 1294 | 26.03 5301 2096 1.63 2
12 0.11 93 128.3 1296 | 25.04 B3.04 21.92 1.65 2.01
13 0.11 49 131.1 1499 2516 5404 208 1.91 1.99
14 011 49 150.5 1588 | 25.85 5228 21.87 1.99 2.03
15 0.1 49 150.6 159 | 2523 52.87 21.9 185 201
16 0.11 14 150.6 159.2 | 244 5375 21.85 2 1.98
17 011 14 149.6 161 2777 5353 187 1.06 1.97
18 0.11 14 1538 164.8 | 2852 51.7 19.78 1.07 2.07
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Table G.13: continued

T (°C) || mass  flow pr psat | pS mS oS | X-Tol B/X

modified powder sample 15 cycles at 150°C

450 1 051 49 1487 160.1 | 7779 19.22 299 0.74 1.52
2 031 49 1488 160.3 | 80.54 1693  2.53 0.63 1.41
3 0.31 49 148.8 160.2 | 7846 1845 3.09 0.59 1.31
4 051 93 148.9 1698 | 7975 16.99 325 0.35 1.26
5 0.1 a3 1488 169.5 | 8444 15.56 0 0.32 1.32
6 0.1 93 148.9 169.3 | 85.91 14.09 0 0.29 1.48
7 051 127 1488 179.5 | 82.09 17.91 0 0.24 1.06
8 0.51 127 149 179 | 77.44 22.56 0 0.23 1.14
9 051 127 1491 17v9.1 | 78.72 21.28 0 0.22 1.18
10 051 93 148.7 1688 | 7454 16.01 946 0.3 1.15
11 0.51 96 1489 168.6 | 81.59 18.41 0 0.29 1.23
12 0.51 93 148.5 1684 | 7899 21.01 0 0.3 1.2
13 0.51 49 148.9 160.2 | 7767 19.24 3.09 0.47 1.2
14  0.51 49 149 1603 | 7745 1817 4.38 0.47 1.21
15 0.51 49 148.9  160.2 | 7Tv.21 2279 0 0.48 1.15
16 0.51 14 148.8 152,68 | 70.04 2593 4.04 1.22 1.26
17 0.51 14 148.7 1528 | 69.22 27.08 3.7 1.24 1.21
18 0.51 14 148.7 1528 | 67.34 2751 516 1.27 1.19
19 6.51 49 148.7 160.2 | 7834 18.39  2.27 0.46 1.15
20 051 49 148.7 1601 | 76.98 21.45 1.57 0.47 1.11
21 051 49 148.7 160.2 | 80.55 19.45 0 0.45 1.21

500 1 051 49 149.6 160.8 | 7463 23.28 2.09 1.59 1.33
2 051 49 1498 160.8 | 73.93 2341 2.66 1.41 1.14
3 051 49 149.7 1608 | 75.25 2242 233 1.22 1.22
4  0.51 93 149.5 1699 | 77.02 1991 3.07 0.81 1.1
5 0.51 93 1494 1699 | 6443 17.78 1778 | 0.85 0.9
6 051 93 149.4 1698 | 7595 211 2.96 0.78 1.06
7 051 127 149.6 179.8 | 52.26 11.76 3598 | 0.67 0.68
8 0.51 127 1496 1799 | 7737 1922 341 0.52 1.06
9 051 127 149.7 1799 | 8337 16.63 0 0.5 1.16
10 0.51 93 149.5 1697 | 717 22.3 0 0.73 1.07
11 051 96 1494 1693 | 77.76 22.24 0 0.73 1.1
12 051 93 . | 1495 1696 | 78.72 21.28 0 0.73 1.08
13 0.51 49 149.6 1603 | 6249 1987 1764 | 1.34 0.94
14 051 49 1495 1605 | 7428 2239 3.32 1.22 1.17
15 0.1 49 149.5 1605 | 73.64 2445 1.91 1.24 1.16
16 0.51 14 1495 153.2 | 60.01 32.89 7.1 5.5 3.8
17 0.51 14 149.5  153.1 | 59.06 3271 8.24 | 13.14 19.07
18 0.51 14 149.6  153.3 | 53.64 37.22 9.14 | 2883 83.57
19 0.51 49 1485 160.7 | 741 2291 3 1.29 1.28
20 0.51 49 149.6  160.5 | 78.53  20.2 1.26 1.19 1.3
21 051 48 149.7  160.8 | 75.22 2092 3.86 1.24 1.2

550 1 0.51 49 1493  161.1 | 70.69 2634  2.97 3.11 1.27
2 051 49 1494 1609 | 69.6 27.06 3.34 3.04 1.3




Table G.13: continued

T(°O) mass fow P peat p-S m-8 o-5 | X-Tol B/X
3 0.51 49 148.7 161.1 | 70.85 2595 3.2 3.89 2.94
4 051 93 140.1 169.9 | 78.68 19.14 218 1.93 1.83
5 .51 93 149.4 170 79.3 1845 2.2 1.78 1.56
6 0.51 93 149.6 170.2 | 75.06 23.34 161 1.77 1.36
7 0.51 127 152.6 1826 | 80.20 1898 0.73 1.2 1.34
3 0.51 127 152.3 182 7382 2443 175 1.14 1.39
g 051 127 1625 1824 | 7872 1899 229 1.18 1.26
10 0.51 93 149.2  169.6 | 43.27 55.36 1.37 2.2 0.7
11 0.51 96 1494 1695 | 75.14 2202 285 1.66 1.18
12 0.51 93 149.4 1697 | 7576 2192 232 1.65 1.21
13 051 49 149.5 160.1 7043 26.18 3.38 2.88 1.27
14 051 49 149.7 1607 68.17 28.26 357 | 2.88 1.2
15 051 49 148.6 1605  70.81 2585 3.34 2.82 1.25
16  0.51 14 149.2  153.2 | 76.7 7.82 15.48 6.4 3.29
17 0.51 14 149.2  153.3 | 54.13 3895 692 8.06 1.55
18 0.51 14 149.1 1535 | B4.47 3847 7.06 7.89 1.48
19 0.51 49 149.2 1609 | 7036  26.04 3.6 2.75 1.22
20 0.51 49 149.2 1608 | 69.19 2748 332 2.77 1.18
21 051 49 149.1 160.9 6947 2747 305 2.78 1.2
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Table G.14: Reaction data of toluene disproportionation over pellet

samples (toluene partial pressure = 13.4 kPa, reaction temperature =

450°C).

o

=

g >

P @ . @

min || mi/min | % % % % %

unmodified pellet sample

5 12 21.3  BB76 2294 | 1495 L1
i5 21.22 5599 228 | 1466 1.08
25 21.32 55988 227 | 1438 1.08
35 21.27 5586 2287 143 108
45 21.35 5585 22.81 | 1427 1.09
55 2137  B59 2273 1432 1.08
65 21.32 5574 2294 | 1419 109
75 21.26 5584 2291 | 1407 1.07
85 21.35 5592 2273 ) 1412 1.08
95 21.23 5597 228 141 1.08
105 21.34 5585 2281 | 14.05 1.08
116 21.33 5571 2296 | 1407 1.08
125 21.32 5596 2271 | 14.08 1.09
155 21.1%  56.14 2267 | 13.92 1.07
165 21,12 56.29 22589 | 1373 107
175 21.31 5584 2285 | 1373 107
185 21.24 53581 2295 | 1384 1.07
195 24.8 21.51 538 2289 | 747 1.06
205 21.81 3581 2258 | 742 1.07
215 21.59 5587 2253 743 108
225 21.49 5592 2258 | 743 106
235 48.5 21.59 5574 2268 | 4.23 1.07
245 21.54 5581 2265 | 4.26 1.07
255 21.56 5575 2269 37 078
265 21.61 BT 2269 424 1.06

unmodified pellet sample; repeat

5 12 21.18 BBY 2312 | 1585 1.33
15 21.28 5593 2279 | 1552 1.3
25 2126 56.12 2261 | 16562 1.21
35 21.27 5576 2297 | 1498 1.25
45 20,92 56.56 22.52 | 14.83 1.25
55 21.36 5574 228 | 1457 1.23
65 21.37 558 2282 | 1444 1.21
75 21.32 5594 2274 | 1429 119
85 24.8 21.32 53602 2266 78 1.18
95 21 56.58 2243 7.7 114




Table G.14: continued

min | ml/min % % % % %
105 2153 5576 2271 761 1.14
115 21.43 55982 2265 756 1.13
125 48.5 21.67 5558 2276 4.34 1.14
135 21.5 5595 22585 | 4.26 1.12
145 2144 5596  22.6 4.33 1.1
1585 21.58 5577 2265 431 1.11
modified sample, 20 CVD cycles at 100°C

5 12 7549 2248  2.03 11.36  1.09
15 75.27 2269 204 11.33  1.08
25 7476 22.84 2.4 11,19 1.08
35 7H18 2298 1.84 | 11.05 1.12
45 75.52 2234 214 | 11.03 1.12
55 76.42 2152 206 | 1097 1.12
65 76.31 2165 204 | 1095 1.1
75 91.52 5.97 2.51 9.6 1.57
85 76.49 2145 206 | 10.85 1.08
95 76.82 2124 1.93 | 1084 1.08
105 76.13 2166 221 | 1084 1.08
115 7596 21.76 228 | 10.75 1.09
125 76.52 21.63 185 | 1078 1.08
135 76.37 21.68 1.85 | 10.75 111
145 76.56 2124 221 | 1069 1.1
150 77.36  21.51 1.13 10,52 1.07
155 77.39  20.51 2.1 10,67 1.1
165 7734 2077 1.86 | 10.Y1 1.09
175 76.68 21.41 191 | 1073 1.09
185 77.81 2013 206 | 1056 1.09
196 24.8 864 1298 0.62 5.58 1.08
205 86.44 12.96 0.6 565 1.09
215 86.27 13.73 0 5.6 1.06
225 85.91 14.09 ] 5.68 1.06
236 485 100 0 0 296 1.28
245 91.3 8.7 0 3.28 1.09
255 95.89 401 0 3.29 1.1
265 96.19 381 0 326  1.09
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Table G.15: Linear velocities for empty reactor at reaction temperature

flow rate saturator reactor reactor linear
carrier gas pressure temperature  pressure velocity
ml/min kPa °C kPa cm/s
CVD: powder 92 160 50 150 1.57
92 160 100 150 1.81
92 160 150 150 2.06
92 160 200 150 2.3
92 160 300 150 2.78
92 160 400 150 3.27
CVD: pellets 100 160 100 150 1.97
300 170 200 160 7.02
TiPB-cracking: powder 92 160 270 150 2.63
TiPB-cracking: pellets 100 160 210 150 2.54
TDP: unmodified powder 50 160 550 150 2.34
TDP: unmodified pellets 10 120 450 102 0.62
Kinetic study TDP: 15 151 450 150 0.62
Unmodified powder 49 160 450 150 2.02
93 160 450 150 3.83
127 170 450 150 5.2
15 151 500 150 0.66
49 160 500 150 2.16
93 160 500 150 4.09
127 170 500 150 5.56
15 151 550 150 0.71
49 160 550 150 2.29
93 160 550 150 4.35
127 170 550 150 5.92
Kinetic study TDP: 15 151 550 150 0.71
Unmodified powder 49 160 550 150 2.29
(0.1 g catalyst) 93 165 550 150 4.34
127 165 550 162 5.49
Kinetic study TDP: 15 153 450 150 0.62
Modified powder 49 160 450 150 2.02
93 170 450 150 3.81
127 180 450 150 5.18
15 153 500 150 0.66
49 160 500 150 2.16
93 170 500 150 4.07
127 180 500 150 5.53
15 153 550 150 0.71
49 160 550 150 2.29
93 170 550 150 4.33
127 180 550 150 5.89
Kinetic study TDP: 10 120 450 103 0.62
Modified pellets 21 120 450 105 1.27
40 120 450 110 2.31
Calcination: powder 100 100 550 170 3.55
Calcination: pellets 300 100 550 180 10.81
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Table G.18: Analysis of p-xylene isomerisation over CVD modified silica gel {mass of silica gel: 0.9020 g;
surface area: 675 m?/g; 35-70 mesh; pore diameter:40 A: CVD: 5 cycles (1h) at 200°C; reaction
temperature: 550°C; partial pressure of p-xylene 2.7 kPa; saturator pressure: 120 kPa; reactor
head pressure: 110 kPa; carrier gas: nitrogen; flow rate: 15 ml/min).

bypass bypass bypass bypass 550 550 550 550
runtime -35 -25 -15 -5 5 15 25 35
B 111 111 132 285 429 1437 1324 1095
T 57 289 175 323
EB 348 239 100 429 10 28 200
pX 287764 278675 284867 283008 282045 260829 261728 275862
mx 9
oX 67 8 122 1443 1644 1626
Csum 288200 279080 285009 284712 | 282605 264008 264898 279106
avgCsum 28429775 avgPX 283826
C-bal (%) 1014 98.17 100.28 100.15 | 994 02.86  93.18  98.17
XpX * (%) -1.39 1.81 -0.37 -0.06 0.63 8.1 7.79 2.81
X100pX ® (%) 0.2 0.16 0.1 0.28 0.25 1.4 1.37 1.31
X100Iso ¢ (%) 0.05 0.55 0.62 0.59

“Based on bypass samples.
b Assuming 100% carbon halance.
“Based on xylenes in product.



Table G.17: Repeatability of catalytic reaction work on powder and pellets.

X o C - bal o X g Benz/Xyl  p-Sel o m-Sel o o-Sel o p-8 prod o o-sel prod a C — bal o
% % % % % % mol% mol% %
Powder series
TiPB TDP
@ 75.55 2.09 98.32 3.46 8.52 0.17 1.12 21.44 .15 55.04 .36 23.52 0.42 10.13 4.1 i1.12 0.29 99,37 1.7
o 6.59 074 31 2.81 a.75 0.13 0.04 0.15 0.08 8.1 0.11 0.19 0.14 0.21 0.1 (.29 0.22 2.6 0.65
rel. error % 8.72 35864 3.15 81.21 881  78.78 3.80 0.68  B7.87 022 3062 0.81  34.36 2.04 118.18 2.62 77.27 2.61 38.36
Pellet series
TiPB TDP
@ 96.32 1.33 81.73 2.34 14.14 1.38 1.1 21.74 0.26 55.87 0.38 22.38 0.97 10.33 4.03 10.64 0.12 101.84 2.01
o 1.63 0.84 4.17 1.25 1.1 0.81 0.02 .36 0.12 0.03 0.24 .37 0.73 0.11 0.01 (.28 0.08 0.53 0.67
rel. error % 1.69 63.21 51 53.22 7.75 59.26 2.12 1.65 45.01 0.05 63.13 1.64 75,08 1.03 38.51 2.63 64.93 0.52 33.33
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Table H.1: Glossary for Tables H.2 and H.3

1,2,4-TMB 1,2,4-trimethylbenzene
1,3,5-TiPB 1,3,5-triisopropylbenzene
2Me2MOS dimethyldimethoxysilane
3HeptMOS triheptylmethoxysilane
3PropMOS tripropylmethoxysilane
4MeSi tetramethylsilane

A zeolite A

BaldNH3 benzaldehydearonia
BEA zeolite beta

BuCH butylalcohol

c- cyclo-

C6 hexane

Cr heptane

C8 octane

ck cracking

deal dealuminated

dealk dealkylation

dehy dehydration

DiPB diisopropyl-benzene

DEB diethylbenzene

Dp disproportionation

EB ethylbenzene

ESCA electron spectroscopy chemical analysis
ETHC ethanol to hydrocarbon
EtOH ethanol

hydrog hydrogenation

iso isomerisation

isopropOH isopropylalcohol

MAS nagic angle spinning
Me3MOS methyltrimethoxysilane
MeOH methanol

mod. Wang88 modified method after Wang 1988
MOR zeolite mordenite

MQ 4-methylquinoline
MTHC methanol to hydrocarbon
MTO methanol to olefin

m-X meta-xylene

n- normal-

Niwa84 method after Niwa 1984
NMR nuclear magnetic resonance
o-X ortho-xylene

PhOH phenol

p-X para-xylene

Py pyridine

8- sec-

- tert-

TBOS tetrabutoxysilane

TEM transmission electron microscopy
TEOS tetraethoxysilane
TEOGe tetraethoxygermanium
TMOS tetramethoxysilane
TMOGe tetramethoxygermanium
Tol toluene

transalk transalkylation

Wang88 method after Wang 1988
X zeolite X

XPS X-Ray photoelectron spectroscopy
XRD X-Ray diffraction

Y zeolite Y

ZK5 zeolite ZK5

Z5M-5 zeolite ZEM-5
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Table H.2: Overview of literature related to CVD of alkoxy-precursors

on zeolitic and similar material.

Material Modifier Deposition System and method Reference
femperature
K]
H-MOR, TMOS 593 vacuum system, {Niwa et al., 1984a)
Alumina, static {Method: Niwa84)
Silica,
Alumina-
Silica-mix
H-ZSM-5, TEOS+ 453-503 flow system, (Wang et al., 1988)
Silica-Alumina, TOL/MeOH, in-situ {Method: Wang88)
Alumina, TMOS,
Kieselguhr TBOS
Alumina TEOS 473-613 flow system {Sato et al., 1990)
Alumina TEOS 513-573 flow system {Sato et al., 1991b)
Ga-Z8M-5 TEOS 503 Wang88 (Halgeri et al., 1891)
Ga-Z5M-5 TEOS 513 {mod. Wang88) {Bhat et al., 19964}
H-BEA TEGS 4137423 Wang88 {Tsai and Wang,
1991)
H-BEA TEOS 204-523 static {Chun et al., 1094)
H-Z8M-5 TEOS 503 vacuum systemn, (Kva st al., 1989)
static
H-ZSM-5 TEOS 473 Wangs8 {(Wang et al., 1989)
H-Z8M-5 TEOS 503 Wang88 {Bhat and Halgeri,
1993)
H-Z8M-5 TEOS 503 Wang88 {Das et al., 1993}
H-ZSM-5 TEOS 503 Wang88 {Das et al., 1993)
H-ZSM-5 TEQOS 503 {mod. Wang88) (Bhat et al., 1994)
H-Z5M-5 TEOS 503 {mod. Wang88) (Das et al., 1994)
H-Z8N-5 TEOS 503 (mod. Wang88) {Bhat et al,, 1995b)
H-Z8M-5 TEOS 503 {mod. Wang88) (Bhat et al., 1995a)
H-Z5M-5 TEGS 353-673 flow {Fei et al., 1995)
H-Z8M-5 TEOS 503 {mod. Wang88) {Bhat et al., 1995¢)
H-Z5M-5 TEOS 503 {mod. Wang88) (Bhat et al., 1996¢)
H-ZSM-5 TEOS 513 {mod. Wang88) {Bhat et al., 1996b}
H-Z5M-5 TEOS 593/673 vacuumn system, {Weber et al., 1996)
static
H-ZSM-5 TEQS 373 flow-system, {Roger et al., 1998a)
cyeles
H-ZS8M-5 TEOS 373 flow-system, {Réger, 1098)
cycles
H-Z5M-5 TEOS 323-673 static, (Weber, 1998)
flow,
liquid
H-ZSM-5 TEOS 473 static (Yoo et al., 1899}
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Table H.2: continued

Material Modifier Deposition System and method Reference
temperature
K]
H-ZSM-5 TEOS 373 flow-system, (Roger et al., 2000)
cycles
H-ZSM-5 TEOS 503 {mod. Wang88) (Das and Halgeri,
2000)
H-Z8M-5, TEOS 208/673 static, (Weber et al., 2000)
H-MOR, flow,
H-BEA liquid
Silica-Alumina  TEOS 443 flow system (Sato et al., 1991a)
H-ZSM-5 TEOS+ 473-483 flow system {Shaikh et al., 1999)
TOL/MeCH
Na-Y, K-X TEOS, 208 static (Chun et al., 1997)
Me3MOS
H-ZSM-5 TEOS, 388 flow-system, {Tynjild and Pakka-
(TEOGe) hydrolysis, nen, 1997)
cycles
(ZSM-5 TEOZr 473 static {Asakura et al,
1988))
(H-MOR TMOGe 333 {mod. Niwa84) (Niwa et al., 1986a))
(H-MOR TMOGe 333 {mod. Niwa84) (Hibino et al.,
1989a))
(H-MOR TMOGe 333 {mod. Niwa84) (Hibino et al.,
1989b))
Alumina TMOS 593 water admission {Niwa et al., 1989)
(mod. Niwa84)
Alumina TMOS 593 Niwa84 (Niwa et al., 1990)
Alumina TMOS 373-673 vacuurm system, {(Katada et al., 1994)
static
H-MOR TMOS 593 vacuum system, (Niwa et al., 1982)
static
H-MOR TMOS 593 vacuum system, (Niwa et al., 1984b)
static
H-MOR, TMOS 593 Niwa84 (Sawa et al., 1990)
deal-MOR,
Ba-MOR
H-Z5M-5 TMOS 593 NiwaB84 (Niwa et al., 1986b)
H-ZSM-5 T™MOS 593 flow (Handreck and
Smith, 1990)
H-Z5M-5 TMOS 593 cycles, Niwa84 (Hibino et al., 1991)
H-ZSM-5, T™OS 593 cycles, {Hibino et al., 1993)
H-MOR, water admission

deal-H-MOR

(mod. Niwa84)




Table H.2: continued
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Material Modifier Deposition System and method Reference
temperature
K]
Na-A TMOS 673 cycles, {Niwa et al., 1991)
water admission
{mod. Niwa84)
Na-A TMOS 573-673 fluidised bed {Chihara et al., 1996)
Na-MOR, TMOS 563 water admission {Hibinc et al., 1988)
Na-H-MOR {mod. NiwaB4)
Pt-H-MOR TMOS 593 Niwa84 (Niwa et al., 1985)
Pt-H-MOR TMOS 593 Niwa84 {Suzuki et al., 1998)
ZK5 TMOS 623 static (Fetting and
Dingerdissen, 1990}

H-MOR- T™MOS, 291-373 {mod. Niwa84) (Niwa et al., 1988}
NaMOR, Me3MOS,
Silica, 4MeSi
Alumina
H-Z8M-5 TMOS, 593 Niwa84 (Kim et al., 1996)

Me3MOS,

2Me2MOS,

Me3MOS,

3HeMOS
H-Y TMOS, 373-673 {mod. Niwa84) {Kim et al., 1999)

2Me2MOS
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Table H.3: Overview of catalytic studies on ZSM-5 employing CVD of
alkoxysilanes (TEOS and TMOS).

Material Modifier Catalytic Sorption Other Reference
Reactions
Alumina TEOS BuOH-dehy, NHs-TPD, {Sato et al,
m-X-iso, P-MAS-NMR  1990)
n-C7-ck,
cumene-ck
Alumina TEOS I-butene-iso Py-TPD (Sato et al,
1991b)
Ga-Z5M-5 TEOS EB+EtOH, (Halgeriet al.,
TOL+EtCH, 1961)
TOL+MeOH
Ga-ZSM-5 TEOS TOL+MeOH NH;-TPD {Bhat et al,
1996a)
H-BEA TEQOS cumene-DP XRD, {T'sai and
Si-MAS-NMR  Wang, 1991)
H-BEA TEOS isopropOH-  n-C8 NH,-TPD {(Chun et al,
ck, IR 1994)
1,3,5-TiPB-
ck
H-ZSM-5 TEOS MTHC, (Kva et al,
ETHC 1989)
H-ZSM-5 TEOS TOL+ethylene {Wang et al,
1989)
H-ZSM-5 TEOS EB+EtOH, (Bhat and
EB-iso, Halgeri, 1993)
m-X-i80
H-ZSM-5 TEOS EB+TOL {(Das et al,
1993)
B-ZSM-5 TEOS EB-dealk ALMAS- {(Das et al,
NMR 1993)
H-ZSM-5 TEOS EB+EtOH+ {Bhat et al,
{various) 1994}
H-Z3M-5 TEOS TDP (Das et al,
1994)
H-Z8M-5 TEOCS EB+E(OH NH,-TPD {Bhat et al,
1995b)
H-Z8M-5 TEOS EB+EtOH NH3-TPD (Bhat et al,
1995a)
H-ZSM-3 TEOS EB~+EtOH, ¢C8 XRD, {(Fei et al,
1,3,5-TiPB- NHz-TPD 1995)
ck
H-Z8M-5 TEOS n-pentene to {Bhat et al,

aromatics

1995¢)




Table H.3: continued

Material Modifier Catalytic Sorption Other Reference
Reactions
H-Z5M-5 TEOS TOL+EtOH SEM {Bhat et al,
1996¢)
H-ZSM-5 TEOS TOL+EtOH NHs-TPD (Bhat et al.,
1996b)
H-Z8M-5 TEOCS NHs-TPD, {Weber et al,,
Py-TPD, 1996}
MQ-TPD
H-Z8M-5 TEOS 1,2,4-TMB- X, p-X, {Roger et al.,
cony 1,2,4-TMB 1908a)
H-ZSM-5 TEOS n-Cé-ck, o-X, p-X, {Raéger, 1998)
TDP, 1,2,4-TMB
1,2,4-TMB-
transalk,
1,3,5-TiPB-
ck
H-Z8M-5 TEOS n-086, o-X, p-X, NH3-TPD, {Weber, 1998)
1,2,4-TMB Py-TPD,
MQ-TPD
H-Z8M-5 TEOS catechol + t- IR (Yoo et al,
butylOH 1999}
H-Z5M-5 TEOS 1,2,4-TMB- {Réger et al.,
conv 2000)
H-ZSM-5 TEGS PhOH+EtOH NHs-TPD {Das and Hal-
geri, 2000}
H-Z8M-5, TEOS 1,3,5,-TiPB- n-C§, p-X, o-X NH3-TPD, {Weber et al.,
H-MOR, ck Py-TPD, 2000)
H-BEA MQ-TPD
Silica- TEOS cumene-ck, (Sato et al,
Alumina 1-butene-iso 1991a)
H-Z8M-5 TEOS EB-DP IR, (Shaikh et al.,
Si/AL-MAS- 1999)
NMR,
NH3-TPD,
SEM
H-ZSM-5, TEOS TDP, {(Wang et al,
Silica- TOL+MeOH, 1988)
Alumina, TOL+EtOH
Alumina,
Kieselguhr
Na-Y, K-X TEOS, n-C6 NH;-TPD {Chun et al,
Me3MOS 1897)
H-Z8M-5 TEOS, n-C6-ck, IR, {Tynjald and
TEOGe MTHC, H/Si/Al Pakkanen,
1,3-DiPB-ck MAS-NMR 1997)
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Table H.3: continued

Material Modifier Catalytic Sorption Other Reference
Reactions
ZSM-5 TEOZr MeOH  to EXAFS {Asakura
isopentane et al., 1988)
H-MOR TMOGe C8-ck C6, p-X NH;-TPD, (Niwa et al,
ESCA 1986a)
H-MOR TMOGe C8-ck EXAFS, {Hibino et al,,
XPS 1989a)
H-MOR TMOGe C8-ck EXAFS, (Hibino et al,,
XxPsS, 1680b)
TEM
Alumina TMOS cumene-ck BaldNHj;- {Niwa et al,
titration 1989)
Alumina TMOS cumene-ck, BaldNH;- (Niwa et al,,
s-/t-BuOH- titration, 1990)
dehydr, IR
iso
Alumina TMOS butene-iso (Katada
et al., 1994)
H-MOR T™OS TDP Ho0, o-X NH3-TPD (Niwa et al.,
1982)
H-MOR TMOS C8-ck C6 (Niwa et al.,
1984b)
H-MOR, TMOS H20, p-X, 0-X NH3-TPD, (Niwa et al,
Alumina, 1R, 1984a)
Silica, XPS
Alumina-
Silica-mix
H-MOR, TMOS MTO NH;-TPD, (Sawa et al,
deal-MOR, TGA 1990}
Ba-MOR
H-Z5M-5 T™OS MTHC H20, Ny NHs-TPD, (Niwa et al,
IR 1986b)
H-ZSM-5 TMOS n-C6 {Handreck
and  Smith,
1990)
H-ZSM-5 TMOS Tol+MeOH, o-X, p-X {Hibino et al,,
o-X-180, 1991)
TDP,
1,3,5-TiPB-
ck
H-ZSM-5, TMOS 1,3,5-TiPB-  1,3,5-TiPB SEM, (Hibino et al.,
H-MOR, ck XRD, 1993)
deal-H- Al-MAS-
MOR NMR




Table H.3: continued

Material Modifier Catalytic Sorption Other Reference
Reactions
Na-A TMOS N3, Oy, Kr, Ar ESCA {(Niwa et al,
1991)
Na-A TMOS Gg, No, COq, (Chihara
CHay et al., 1996)
Na-MOR, TMOS C-ck {Hibino et al.,
Na-H-MOR 1988}
Pt-H-MOR  TMOS C8-ck, CO, Ha (Niwa et sl
c-CB-hydrog 1985)
Pt.-H-MOR  TMOS HyO {Suzuki et al.,
1998)
ZK5 TMOS 1R, SIMS {Fetting and
Dingerdissen,
1990}
H-MOR- TMOS, IR (reaction {Niwa et al,
NaMOR, Me3MOS, mechanism) 1088)
Silica, 4MeSi
Alumina
H-Z8M-5 TMOS, 13,5 o-X, p-X NHs-TPD, IR (Kim et al,
Me3MOS, TiPB-ck, 1996)
2Me2MOS, Tol+MeOH
Me3MOS,
3HeptMOS
H-ZS8M-5, TMOS, 1,3,5.TiPB- o-X, p-X IR (Kim et al,
H-Y 3PropMOS ck 1997)
H-Y TMOS, 1,3,5-TiPB, N» {Kim et al,
2Me2MOS 1999}
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